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I . .  : 

UNCLASSIFIED ABSTRACT 

This  r e p o r t  descr ibes  the  r e s u l t s  of the  ins t rumenta t ion  f e a s i b i l i t y  and develop- 
ment program on Contract NASw 1208. 
consider ing both t h e  experimental  and engineer ing problems. 
a r e  examined i n  d e t a i l  as t o  performance and s u r v i v a l  of s t e r i l i z a t i o n .  Elec t ronic  
c i r c u i t r y  is descr ibed and design considerat ions lead ing  t o  choice of o p t i c a l  
and e l e c t r o n i c  system configurat ions a r e  discussed.  A brassboard instrument w a s  
constructed and is descr ibed with some prel iminary c a l i b r a t i o n  and opera t iona l  
d a t a  given. 
ments of the  mezsurements. 

The instrument requirements are discussed 
F i l t e r s  and sensors  

An e r r o r  a n a l y s i s  w a s  performed t o  e s t a b l i s h  the  accuracy require-  
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RS = equivalent detector series resistance 

RJ = equivalent detector shunt resistance 

CJ = equivalent detector shunt capacitance 

VL = voltage across detector load 

V, = detector bias voltage 

f = frequency 

B = source radiance 

Ster = solid angle i n  steradian9 
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1.0 INTRODUCTION 

The o p t i c a l  r a d i a t i o n  from the  shock-heated i n v i s c i d  gas l a y e r  of a b l u n t  e n t r y  
v e h i c l e  is c h a r a c t e r i s t i c  of t h e  composition of t h e  atmosphere. 
a n a l y s i s  of t h i s  r a d i a t i o n ,  along with other paramerers assuc ia t sd  vlth the 
v e h i c l e  response,  w i l l  provide necessary d a t a  requi red  t o  def ine  t h e  composition 
of a p l a n e t a r y  a t m o ~ p h e r e . ~ , ~ , ~  This r e p o r t  descr ibes  a f e a s i b i l i t y  s tudy  of an  
instrument  compatible with the  c o n s t r a i n t s  of a v e h i c l e  system a s  e s t a b l i s h e d  
on a s e p a r a t e  f e a s i b i l i t y  study.4 

The s p e c t r a l  

The study has  been d i r e c t e d  toward def in ing  problem areas assoc ia ted  wi th  t h e  
measurement of o p t i c a l  r a d i a t i o n  i n  the s p e c t r a l  regions of maximum molecular 
band r a d i a t i o n  i n  atmospheres containing C02, N2 and Argon. 
made t o  d e f i n e  t h e  present  s ta te  of the  ar t  i n  sensor  development and i n t e r f e r e n c e  
f i l t e r  performance. The environmental f a c t o r s  have been taken i n t o  cons idera t ion  
i n  e s t a b l i s h i n g  t h e  design of a brassboard model of a f l i g h t  radiometer.  

An at tempt  has  been 

I n  Volume I of t h i s  f i n a l  r e p o r t ,  the  r e s u l t s  of a shock tube s tudy a r e  presented 
and an assessment i s  given of t h e  f e a s i b i l i t y  of determining t h e  composition of 
t h e  Martian atmosphere, assuming t h a t  it is a three-component mixture of C02, N 2  
and Argon, by means of radiometer measurements. A major problem area i s  t h a t  of 
r e l a t i n g  t h e  n o n e q u i l i b r i m  r a d i a t i o n  t o  t h e  i n i t i a l  composition which must be 
done empir ica l ly  from laboratory measurements, s i n c e  r a t e  cons tan ts  f o r  many 
of t h e  p o s s i b l e  r e a c t i o n s  are unknown. 
vin5nr.r t r n s m i s s i v i t y  and background r a d i a t i o n ,  d e t e c t o r  s e n s i t i v i t y  and s p e c t r a l  
response,  and f i l t e r  c h a r a c t e r i s t i c s  lidt the  p r a c t l c a i  wavsieugth r e g i o n  t o  bs 
monitored t o  about 3000 t o  6000 A. 
v i o l e t ,  CN red,  and C2 swan. These r a d i a t o r s  appear t o  dominate the  r a d i a t i o n  
from o t h e r  spec ies  i n  t h i s  band. 
ments, therefore ,  w i l l  be  d i r e c t e d  toward monitoring CN and C 2  swan r a d i a t i o n .  
The e f f e c t  of nonequilibrium r a d i a t i o n  w i l l  be  t h a t  of enhancing t h e  s i g n a l  level 
i n  these  molecular r a d i a t i o n  bands a t  any given a l t i t u d e ;  the  c a l c u l a t e d  e q u i l i -  
brium r a d i a t i o n  should provide t h e  i n t e n s i t y  f o r  maximum s e n s i t i v i t y  of t h e  
instrument.  
i n t e n s i t i e s  can r e a d i l y  be measured by simple g a i n  changes i n  t h e  e l e c t r o n i c  
system o r  a d d i t i o n  of o p t i c a l  n e u t r a l  d e n s i t y  f i l t e r s .  
strument has  been guided mainly by the  assumption of equi l ibr ium r a d i a t i o n .  

I n  t h i s  r e p o r t ,  i t  w i l l  be  shown t h a t  

The p r i n c i p a l  r a d i a t o r s  i n  t h i s  band are CN 

Discussion of radiometer performance require-  

The design of t h e  instrument is such t h a t  higher  i n p u t  r a d i a t i o n  

The design of t h e  in-  

A cursory eva lua t ion  of t h e  use of the  sun as a c a l i b r a t i o n  source is presented.  
The background r a d i a t i o n  t o  be expected f o r  a d a y l i g h t  en t ry  r e s u l t i n g  from 
r e f l e c t e d  s u n l i g h t  from t h e  Mars sur face  has been presented t o  demonstrate t h e  
leve l  of i n t e r f e r e n c e  with the  measurement. 

The mechanical, e l e c t r o n i c  and o p t i c a l  design of t h e  instrument are discussed i n  
s u f f i c i e n t  d e t a i l  t o  i n d i c a t e  t h e  reasons f o r  t h e  s p e c i f i c  approach taken i n  t h e  
des ign  . 
This  s tudy  and experiment has  been i d e n t i f i e d  a t  Avco by t h e  acronym PROBER, which 
s t a n d s  f o r  P lane tary  Research by Observation of Entry Radiation. This  des igna t ion  
is used throughout t h e  present  repor t .  
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2.0 BACKGROUND 

I n  o rde r  t o  understand the  performance requirements of t he  radiometer instrument,  
i t  is  h e l p f u l  t o  n o t e  a v e l o c i t y - a l t i t u d e  curve as shown i n  Figure 1. This curve 
r e p r e s e n t s  a p a r t i c l e  t r a j e c t o r y  f o r  an i n i t i a l  v e l o c i t y  of 22,000 f t / s ec  and a 
cone-sphere body having an M/CDA of 0.20-slug/ft2.  
which corresponds roughly t o  the  condi t ion f o r  maximum s i g n a l  i n t o  t h e  instrument,  
occurs  a t  an a l t i t u d e  of about 80,000 f e e t .  
i n i t i a l  a l t i t u d e  of 2 . 5  x l o 6  fee t  r e q u i r e s  138 seconds. 

On t h i s  curve,  peak hea t ing ,  

The t o t a l  e n t r y  from an a r b i t r a r y  

During the  entry per iod the  equi l ibr ium r a d i a t i o n  produced a t  t he  s t agna t ion  
region of the  veh ic l e  f o r  s e v e r a l  C02/N2/A compositions and f o r  two t r a j e c t o r y  
condi t ions has been c a l c u l a t e d  by NASA Ames5 and suppl ied t o  Avco as r e fe rence  
d a t a  f o r  t he  instrument design. 
through 5. 
mixtures i s  t h a t  of i nc reas ing  the  r a d i a t i o n  of each s p e c i e  f o r  a given v e l o c i t y  
on the  t r a j e c t o r y .  

A s  far  as instrument dynamic range is concerned, t h e  a d d i t i o n  of Argon appears 
t o  have a moderate e f f e c t  0.n t h e  CN(4197) band but  i t  can produce an o rde r  of 
magnitude change i n  the  C2(5165). 
r a d i a t i o n  is h e l p f u l  from t h e  instrument po in t  of view i n  o rde r  t o  improve t h e  
s ignal- to-detector  and signal-to-background n o i s e  r a t i o s .  

These c a l c u l a t i o n s  are shown i n  Figures 2 
It w i l l  be noted t h a t  t he  e f f e c t  of adding argon t o  t h e  COP + N 2  

Increasing t h e  r a d i a t i o n  l e v e l  of t he  C 2  swan 

Also shown i n  these  f igu res  i s  the  expected r a d i a t i o n  from the  atomic l i n e  of 
carbon C(2478) as a funct ion of t he  two t r a j e c t o r i e s ,  which r ep resen t  t h e  maxi- 
mum and minimum r a d i a t i o n  l e v e l s  t o  be expected, and t h e  argon content .  It can 
be seen t h a t  t he  v a r i a t i o n  i n  the  peak equ i l ib r ium r a d i a t i o n  is more than two 
o rde r  of  magnitude f o r  t h e  given v a r i a t i o n  of argon. 
b e l i e v e  t h a t  t h i s  l i n e  should be a s e n s i t i v e  i n d i c a t o r  f o r  t h e  determinat ion of 
argon i n  the  Mars atmosphere. 
r ep resen t  t he  i n t e n s i t i e s  of C2(5165) and C(2478), r e s p e c t i v e l y ,  f o r  a shock l a y e r  
thickness  of 1 cm, t h e  r a t i o s  of peak i n t e n s i t i e s  as a func t ion  of argon con- 
c e n t r a t i o n  has been p l o t t e d  i n  Figure 5. The r a t i o  v a r i e s  from a maximum of 2 a t  
zero percent  argon t o  a minimum of 1.3 a t  22 percent  argon f o r  t h e  22,000 f p s  
case and from 1 .3  t o  0.9 f o r  t he  18,000 fps  case. These small v a r i a t i o n s  i n  t h e  
r a t i o  i n d i c a t e  t h a t  t he  Cz(5165) and C(2478) i n t e n s i t i e s  cannot be  considered as 
providing independent d a t a  on t h e  argon content .  The C 2  (5165) r a d i a t i o n  is  
much more e a s i l y  measured, hence, t h e r e  is  no reason t o  b u i l d  an instrument  
f o r  t h e  C(2478) l i n e .  
complexity of measuring the  2478A atomic l i n e  r a d i a t i o n  becomes q u i t e  severe .  

This would l e a d  one t o  

U t i l i z i n g  the  d a t a  i n  Figures 3 and 4 which 

La te r  i n  t h i s  r e p o r t ,  it will be shown t h a t  t h e  instrument  

I n  o rde r  t o  determine the  s e n s i t i v i t y  requirements f o r  t h e  Prober  instrument ,  i t  
is necessary to  i n t e g r a t e  the  r a d i a t i o n  per  u n i t  .volume as c a l c u l a t e d  f o r  t he  
above t r a j e c t o r i e s  and atmospheric compositions over t h e  pa th  l e n g t h  from the  
window t o  the  bow shock of t he  veh ic l e .  This s t andof f  d i s t a n c e  is a func t ion  
of t he  Mach number, t he  gas composition and v e h i c l e  shape. 

-2- 
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Figure 3 C2 SWAN RADIATION BEHIND NORMAL SHOCK, A =  5165A 
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A f i r s t  approximation t o  what t he  radiometer w i l l  see may be  made by assuming 
equ i l ib r ium i n  an o p t i c a l l y  t h i n  gas ,  i n  which case the  above i n t e g r a t i o n  re- 
q u i r e s  only t h a t  t he  r a d i a t i o n  pe r  u n i t  volume be  m u l t i p l i e d  by t h e  pa th  l eng th .  
An average path length of 2.3 c m  has been used t o  cons t ruc t  t h e  two curves shown 
i n  Figure 6. 
a r b i t r a r y  rectangular  f i l t e r  func t ion  which is 50 A wide and divided by 2 i n  
o rde r  t o  obtain the  r a d i a t i o n  inc iden t  on the  window f o r  t h e  two spec ie s  CN(4197) 
and Cz(5165). 
values  computed by t h e  Ames and Avco computer programs, see Appendix A. 

From t h e  ca l cu la t ed  curves of r a d i a t i o n  i n t e n s i t y  ve r sus  v e l o c i t y  and t h e  a l t i t u d e -  
v e l o c i t y  versus  t i m e  curves of Figure 1, i t  i s  apparent t h a t  t h e  t i m e  d u r a t i o n  
of t h e  r a d i a t i o n  pu l se  is  on t h e  order  of 4 seconds f o r y - 9 0  degrees .  
of nonequilibriumk r a d i a t i o n  on t h i s  du ra t ion  of t h e  measurement w i l l  be p r imar i ly  
t h a t  of causing the  r a d i a t i o n  t o  rise above t h e  instrument n o i s e  and background 
l e v e l  ear l ier  i n  t h e  t r a j e c t o r y ,  t hus  lengthening t h e  t i m e  i n t e r v a l  of measurement. 
The nonequilibrium overshoot above t h e  equi l ibr ium va lues  as  c a l c u l a t e d  may reach 
a peak va lue  of about a f a c t o r  of f i v e .  A s  t h e  v e h i c l e  approaches i ts  peak 
hea t ing  condi t ion ,  t he  ambient dens i ty  of t he  atmosphere and t h e  v e l o c i t y  of t h e  
v e h i c l e  combine t o  make the  r a d i a t i o n  as viewed by t h e  radiometer equ i l ib r ium 
dominated. Thus, t h e  design c r i t e r i o n  f o r  t h e  radiometer has been t o  t ake  t h e  
peak equi l ibr ium r a d i a t i o n  as c a l c u l a t e d  f o r  t h e  s p e c i f i c  t r a j e c t o r y  and i n c r e a s e  
t h i s  number by a f a c t o r  of f i v e  t o  o b t a i n  t h e  maximum i n p u t  r a d i a t i o n  f o r  a given 
s p e c t r a l  band. 
instrument  i s  l i m i t e d  t o  t h r e e  decades. It is clear t h a t  a design goa l  is t h a t  
of ob ta in ing  maximum s e n s i t i v i t y  of t he  d e t e c t o r  a m p l i f i e r  combination i n  o rde r  
t o  maximize the s ignal- to-noise  r a t i o .  

I n  these  curves, t he  o r d i n a t e  values  have been m u l t i p l i e d  by an 

For an explanat ion of u n i t s  and d e f i n i t i o n  of r a d i a n t  i n t e n s i t y  

The e f f e c t  

By e l e c t r o n i c  design cons ide ra t ions ,  t h e  dynamic range of t h e  

The c o n s t r a i n t s  imposed on the  design of t he  radiometer by t h e  v e h i c l e  and 
mission were not  a primary cons ide ra t ion  of t h i s  f e a s i b i l i t y  s tudy b u t  have been 
considered i n  t h e  eva lua t ion  of t h e  candidate  systems. P a r t i c u l a r l y ,  t he  re- 
quirement t h a t  t he  instrument be  s t e r i l i z a b l e  by means of a h e a t  cyc le  of 146°C 
f o r  36 hours w i l l  s t r o n g l y  in f luence  the  s e l e c t i o n  of components. 
must have minimum weight. Minimum 
power requirements and maximum s i m p l i c i t y  of mechanical design are a l s o  a re- 
quirement. It is d e s i r a b l e  t o  minimize t h e  e f f e c t s  of v e h i c l e  s p i n  on t h e  radio-  
meter s i g n a l s  and t o  have a l l  t h e  radiometers  s h a r e  a common window. The optimum 
l o c a t i o n  of the  window i s  considered t o  l i e  on t h e  r o l l  axis. The instrument  
must be capable of operat ing during t h e  e n t r y  d e c e l e r a t i o n  pe r iod  of t h e  v e h i c l e .  
This w i l l  produce a peak d e c e l e r a t i o n  of about 150 e a r t h  g ' s .  

The instrument  
A design goa l  of one pound was e s t a b l i s h e d .  

Four p o s s i b l e  configurat ions of a radiometer were considered i n  t h e  design of 
t h i s  instrument.  These conf igu ra t ions  were: 

For a more complete discussion of the effects  of nonequilibrium radiation, s e e  Volume I of this  report which presents 
the results of a shock-tube program to investigate these phenomena. 
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1. F i l t e r  radiometer without  l ens  

2. F i l t e r  radiometer w i th  l e n s  

3 .  Dispersive radiometer w i th  prism 

4 .  Dispersive radiometer with d i f f r a c t i o n  g r a t i n g .  

An a n a l y s i s  of t hese  fou r  systems w a s  performed. 
developed i n  Appendix D. I t  w a s  concluded t h a t ,  f o r  a given d e t e c t o r  ( a rea ,  i 
s e n s i t i v i t y ,  no i se  l e v e l ,  e t c . )  Type 2 above gave t h e  maximum response f o r  a ' 
given s i g n a l ,  assuming t h a t  an i n t e r f e r e n c e  f i l t e r  with s u i t a b l e  bandpass and 
t ransmission c h a r a c t e r i s t i c s  can be obtained. Because of t h e  excessive s i z e  and 
weight of the  prism required,  system 3 was no t  compet i t ive wi th  t h e  remaining 
systems f o r  instrument dimensions compatible wi th  t h e  mission of t h i s  device.  
System 1 I s  c l e a r l y  the  most d e s i r a b l e  conf igu ra t ion  from t h e  s t andpo in t  of 
s i m p l i c i t y  of design and minimum weight. 
board model described i n  t h i s  r epor t .  
i n t e r f e r e n c e  f i l t e r s  restrict i t s  ope ra t ion  t o  the  wavelength region above 3000 A. 
I f  i t  is d e f i n i t e l y  necessary t o  ob ta in  a radiometer w i th  narrow band response 
(-10A) i n  the region of 2500 A ,  i t  w i l l  be necessary t o  use a g r a t i n g  instrument .  
To b u i l d  such an instrument with a r e j e c t i o n  r a t i o  of o rde r  lo4 i n  t h e  weight 
range of one pound is beyond t h e  p re sen t  state of t h e  art .  
of an instrument t o  cover t h i s  wavelength region as w e l l  as t h e  v i s i b l e  region 
wi th  mul t ip l e  channels using a s i n g l e  pho tomul t ip l i e r  d e t e c t o r  w a s  developed. 
This design i s  presented as Appendix C of t h i s  r e p o r t .  Many p r a c t i c a l  design 
d i f f i c u l t i e s  were a n t i c i p a t e d  with t h i s  design. 

The necessary equat ions are 

This system w a s  chosen f o r  t h e  brass-  
The a v a i l a b i l i t y  of narrow passband 

The conceptual design 

The c r i t i c a l  problem areas i n  the  design of t h e  instrument  are t h e  t ransmission 
and bandpass c h a r a c t e r i s t i c s  of t h e  i n t e r f e r e n c e  f i l t e r s ;  t h e  t ransmission and 
background r a d i a t i o n  of t h e  radiometer window, t h e  s e n s i t i v i t y ,  wavelength 
response and signal-to-noise c h a r a c t e r i s t i c s  of t h e  d e t e c t o r ;  t h e  in f luence  of 
t he  p r e f l i g h t ,  f l i g h t  and e n t r y  environment on t h e  instrument  and i t s  components; 
and the  s i g n a l  processing required f o r  t he  v e h i c l e  d a t a  r e t r i e v a l  system. These 
problem areas w i l l  be  discussed be fo re  t h e  p r e s e n t a t i o n  of t h e  instrument  design.  
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3 . 0  WINDOW CONSIDERATIONS 

3.1 BACKGROUND RADIATION FROM WINDOW 
The Prober radiometer is designed to be placed at the stagnation region of the 
entry vehicle and will view the shock-heated gas through a quartz window which 
extends through the heat shield and backup structure. 
from the window at some point in the trajectory may exceed the expected signal 
level over the wavelength band of interest. 

A calculation of the temperature distribution in a 1.0-inch thick clear quartz 
window was made as a function of time for the following vehicle and trajectory 
conditions : 

The background radiation 

Vehicle nose radius = 18 inches 

M/C$ = 0.15 slug/ft2 

YE = -90 degrees 
VE = 22,000 ft/sec 

The temperature distributions for maximum loads and for maximum heating trajec- 
tories are shown in Figures 7 and 8, respectively. 
reached at 109.0 seconds for the maximum loads trajectory which corresponds to a 
velocity of 12,800 ft/sec. This is just below the altitude at which the equi- 
librium radiation is expected to decrease to zero. 
tory will produce slightly higher temperatures and, therefore, somewhat higher 
background radiation can be expected from the window. 

in Figure 9. 
for a lower M/C+ vehicle than was used far the radiation calculations in Figure 
6 .  
be the case for the higher performance vehicle. 
watts/cm* for a 50 A square bandwidth has been calculated at 4197 and 5165 A and 
is tabulated in Table I and plotted on the incident radiation curves in Figure 6 .  
Because of the different M/C+, this comparison shows -a maximum expected radia- 
tion versus time for the given atmosphere. An emissivity of l has been assumed 
for worst case determination. From Figure 6 ,  it can be seen that this background 
radiation is well below the radiation expected for the 22,000 ft/sec trajectory. 
The heat transfer is a sensitive function of the velocity of the vehicle; there- 
fore, the expected radiation from the window for the lower velocity should be 
significantly lower. Conversely, at higher velocities, the window radiation 
could become a substantial signal at C2 swan wavelengths depending on emissivity. 
For shorter wavelengths, the background radiation will be insignificant. For 
longer wavelengths (-10,000 A ) ,  the window background radiation may become sig- 
nificant and detailed calculations would be required for the specific trajectory, 
atmosphere model, and vehicle specifications. Longer wavelengths than the C2 
swan band system at .I 5100 A become difficult to isolate In the N2/C02/A atmos- 
pheres because of the strong tail radiation of the CN-red systems.* 
limit for the longest wavelength radiator which should be considered for monitor- 
ing has been taken to be 6000 A since the CN-red radiation interference is 
excessive beyond this wavelength for the compositions considered. 
the window background radiation is not a problem for the present instrument 
design. 

The peak temperature is 

The maximum heating trajec- 

Fer ~ l a r i t y ,  t h ~  t = , g e r a t n r ~ - t i ~ ~  hiator7 05 the ~ i i i d ~ ~  siirfaie LSeii  p i o i i e c i  
It should be noted that this temperature-time history was calculated 

The time required to reach the temperatures indicated will be less than would 
The radiation intensity in 

A practical 

Consequently, 

c 
S e e  Volume I of this study, Figure 4, which shows background radiation calculated for thermochemical equilibrium 
conditions for the CO Angstrom band system. 
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TABLE I 

WINDOW RADIATION FOR MAXIMUM LOADS TRAJECTORY 

Time 

108.5 

107.5 

106.5 

-- 
1800 

9.7 10-4 

7.4 10-4 

2.8 x 10-4 

4.0 10-5 

1.4 10-7 

I 

3 . 2  SPECTRAL TRANSMISSION OF FUSED SILICA WINDOWS 

Recently, experimental  i n v e s t i g a t i o n s  were conducted on t h e  s p e c t r a l  t ransmission 
c h a r a c t e r i s t i c s  of fused si l ica as a func t ion  of tempera ture .6~7 The r e s u l t s  of 
t h e s e  s t u d i e s  i n d i c a t e  t h a t :  

a. There exists r e l a t i v e l y  poor agreement among t h e  s p e c t r a l  t ransmission 
d a t a  of fused s i l i c a  specimens varying i n  thickness as .i;rell 2s smrr~g s m p l e r ,  
purchased a t  d i f f e r e n t  t i m e s .  These e f f e c t s  a r e  ev ident  i n  the  d a t a  p l o t t e d  
i n  Figure 10. 

b. The o p t i c a l  t ransmission is g r e a t l y  inf luenced by the  hea t ing  h i s t o r y  
and s u r f a c e  condi t ion  of the  sample. 

c. The s p e c t r a l  cu tof f  i n  t h e  u l t r a v i o l e t  region is  a s t r o n g  func t ion  of 
temperature (See Figures  11 and 12. On Figure 11, only one thickness  was 
measured; thus,  only t ransmit tance was p l o t t e d . )  However, i n  order  t o  ob- 
serve t h e  e f f e c t  of temperature on wavelengths g r e a t e r  than 2000 A ,  the  
t ransmit tance,  Is/+, , must be considered. 

d. 
independent, i.e., t h e  absorpt ion c o e f f i c i e n t  is less than 0.002 cm-1 
between 22 and 1000°C. 

The t ransmission between 3000 and 10,000 A is approximately temperature 

It is  necessary,  therefore ,  t h a t ,  from vendor 's  ingot  t o  f i n a l  v e h i c l e  i n s t a l l a t i o n ,  
q u a l i t y  c o n t r o l  of t h e  fused s i l ica  be c a r r i e d  o u t  before  r e l i a b l e  s p e c t r a l  in- 
formation be obtained. 

I n  t h e  use of fused s i l i ca  i n  spectroscopic  i n v e s t i g a t i o n s  a t  temperatures of 
1000°C o r  g r e a t e r ,  it would be most advantageous t o  o p e r a t e  i n  t h e  s p e c t r a l  region 
above 3000 A. Also, when q u a l i t y  cont ro l  fused s i l i c a  becomes a v a i l a b l e ,  both 
t ransmiss ion  and r e f l e c t i o n  s t u d i e s  should be performed. This type of i n v e s t i -  . 
g a t i o n  w i l l  y i e l d  more r e l i a b l e  and cons is ten t  s p e c t r a l  d a t a  than a r e  preser . t ly  
avai l a b  le. 
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4.0 INTERFERENCE FILTERS 

4 . 1  SURVEY OF MANUFACTURERS 

TL- ..^^ -L - - * - - E -  
LI.= UL L c e r L r P e 1 i C e  f i l t e r s  to  seiect the s p e c i f i c  s p e c t r a l  bands of 
i n t e r e s t  i n  t h e  Prober experiment is c l e a r l y  d e s i r a b l e  from t h e  s tandpoin t  
of minimum weight,  minimum complexity, ease of c a l i b r a t i o n ,  and minimum requi re -  
ments f o r  c r i t i c a l  alignment. 
of f i l t e r s  made by s e v e r a l  manufacturers has been made. 
survey is presented i n  Table 11. The cen te r  wavelength of t h e  f i l t e r s  i nd ica t ed  
i n  t h i s  t a b l e  is rep resen ta t ive  of the wavelengths requi red  f o r  the  measurements 
of molecular band systems i n  C02/N2/A mixtures.  

General ly ,  t he  a v a i l a b l e  ha l f  width (H.W.), i.e., t he  bandpass of t h e  f i l t e r  at  
50 percent  of peak t ransmission,  increases  a s  t h e  wavelength approaches t h e  
u l t r a v i o l e t  end of the  spectrum. The survey of manufacturers has ind ica t ed  t h e  
fol lowing order  of t ransmission c h a r a c t e r i s t i c s  a s  a func t ion  of wavelength: 

A survey of t he  a v a i l a b i l i t y  and c h a r a c t e r i s t i c s  
A summary of t h i s  

A. (A) I u ~ . w . / h ~  (percent)  

4100 t o  10,000 0.1 

3100 t o  4100 1.0 

2000 t o  3100 5.0 

4.2 TRANSMISSION CHARACTERISTICS 

A c r i t i c a l  eva lua t ion  of t he  t ransmission as a func t ion  of wavelength of s e v e r a l  
r e p r e s e n t a t i v e  f i l t e r s  was c a r r i e d  out t o  determine the  r e j e c t i o n  r a t i o  over four  
decades of amplitude. 
p a r t i c u l a r l y  important i n  i s o l a t i n g  weak s p e c t r a l  r a d i a t i o n  which occurs  near  
( i n  wavelength) t o  s t rong  r a d i a t i o n  i n t e n s i t i e s .  
eter system i n  i s o l a t i n g  a wavelength region is given by t h e  equat ion:  

The t ransmission of t he  f i l t e r s  i n  the  base reg ion  is  

The e f f ec t iveness  of a radiom- 

where I i s  the  d i s t r i b u t i o n  of t h e  source i n t e n s i t y  as  a func t ion  of wave- 
length,(')P 
func t ion ,  $)- A2 t he  wavelength i n t e r v a l  of i n t e r e s t ,  ( 2 d  A 4 ' , A l  a r e  the  upper 
and lower cu tof f  wavelengths assoc ia ted  with the  wavelength func t ions  w i t h i n  t h e  
i n t e g r a l .  
g a i n  bandwidth f o r  t h i s  radiometer system. 

t h e  wavelength response of t h e  d e t e c t o r ,  r t he  f i l t e r  t ransmi t tance  

Four decades of amplitude response was chosen as a reasonably p r a c t i c a l  

F igure  1 3  shows a t y p i c a l  t ransmission curve f o r  a nominal 25 A H.W. f i l t e r  
cen te red  a t  5150 A. This t ransmission c h a r a c t e r i s t i c  was measured on a modified 
Jar re l l -Ash  spectrophotometer with a photomul t ip l ie r  readout which has  f i v e  
decades of l i n e a r  response. A s p e c i a l  l e n s  system was added t o  t h e  spec t ro-  
photometer t o  ob ta in  p a r a l l e l  l i g h t  i n  the  beam which passed through the  f i l t e r .  
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5160 
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7890 
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4275 
4216 
3360 
2478 

7890 
5160 
4275 
4216 
3360 
2478 

- 

Percent 
Max. 
Trans. 

50 (d 
50 (c) 
40 ( c )  
40 (c) 
25-30 (d) 
10-15 (d) 

60 ( c )  
55 (b) 6 ( e  
50 (d) 
50 (d)  
40 (d)  

TABLE II 

PROBER INVESTIGATION O F  OPTICAL F ILTERS 

Optical Charac te r i s t ics  

H.W. 
(Percent of A 

(b) and < c )  
0.1 t o  0.15 

1-2 (d) 
4-5 (d) 

0.1 
( C )  

0.7 t o  1 

0.05 t o  
0.1 (b) 

0.1 t o  0.2 

4 

( C )  

(d 

1 

2 

( C )  
0.02 
0.02 
0.03 
0.03 
0.15 

3 ( c )  
6-10 

( C )  
6-10 

0.2 (c) 
0.2 
0 . 5  
0.5 
0.3 
10 

Base Width Tolerance 
(Percent 7 of H.Y.) A(A) 

10 x 2 t o  3 
1 r 5 t o 6  
(b) and ( e )  

10 -2 t c  2.5 
1 -3 to 5 
0.1 (b) 6 ( c )  

10 x 3 
( C )  
1 x 5  

1 I 12 

10 3x (b) 
1 5x 
0.1 7x 

( C )  
10 2x 
1 4 r  
0.1 8x 

( C )  

1 3x 

( C )  
10-1.5x 

f c )  . ~ .  
10 1.7 to 3 
1 2 t o 5  
0 . 1  3 t o  10 
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4 Same as Figure 14 f o r  vavelength s h i f t  versus angle of incidence.  
5 W i l l  guarantee 10-5 blocking. 
6 Refer t o  Figure 16 f o r  wavelength s h i f t  versus temperature. 
7 Operating temperature range -50 t o  +lOO'c.  
8 They have very good s k i r t  c h a r a c t e r i s t i c s .  
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This  t ransmission c h a r a c t e r i s t i c  is  r e p r e s e n t a t i v e  of f i l t e r s  i n  which s p e c i a l  
care has  been exercised t o  o b t a i n  maximum cutof f  ou ts ide  the  pass  band of t h e  
f i l t e r .  
mission a t  the base f o r  a t t e n u a t i o n s  below about 1 percent .  
may be added t o  reduce a t t e n u a t i o n s  o u t s i d e  the  pass  band of t h e  f i l t e r .  
b e s t  background r e j e c t i o n  r a t i o  appears t o  be about 105:1. 

A normal production i n t e r f e r e n c e  f i l t e r  would have a much wider t rans-  
Wing-blocking f i l t e r s  

The 

The use of these f i l t e r s  i n  a p r a c t i c a l  radiometer requi res  t h a t  some rays  of t h e  
o p t i c a l  t ransmission path be non-normal. 
of the  f i l t e r s  as a func t ion  of angle  of incidence of the  l i g h t  f a l l i n g  on t h e  
f i l t e r  w a s  c a r r i e d  out.  The experimental  measurements ind ica ted  t h a t  t h e  e f f e c t  
of changing the angle  of incidence ( f o r  angles up t o  5 degrees) away from the  
normal t o  the  f i l t e r  s u r f a c e  w a s  t h a t  of s h i f t i n g  t h e  t ransmission curves toward 
s h o r t e r  wavelengths. Thus, f o r  a convergent o r  divergent  beam i n  a p r a c t i c a l  
radiometer design, the s p e c i f i e d  t ransmission widths f o r  t h e  f i l t e r  must be 
increased.  
t o  t h e  c e n t e r  wavelength a t  normal incidence w a s  found from t h e  labora tory  
measurements t o  vary according t o  t h e  expression:  

Consequently, a s tudy of t h e  performance 

The s h i f t  of t h e  c e n t e r  wavelength a t  angle  6 ( rad ians)  wi th  respect 

where m is  an empirically-derived cons tan t  which f o r  a p a r t i c u l a r  18 A h a l f  width 
f i l t e r  was 2.11. A more d e t a i l e d  s tudy of t h e  t ransmission of f i l t e r s  as a 
func t ion  of angle of incidence and temperature has  r e c e n t l y  been repor ted  by 
I. H. Bl i f ford.8 H e  p resents  a series of measurements performed on s e v e r a l  
f i l t e r s  made by d i f f e r e n t  manufacturers.  
f i l t e r  f o r  non-normal incidence has  been descr ibed by P.H. Lissberger  and 

The s h i f t  i n  peak t ransmission of a 

W.L. wi1cox:g 

where P is  a parameter which depends upon t h e  r e f r a c t i v e  index of t h e  materials 
used f o r  t h e  d ie lec t r ic  spacer  l a y e r s ,  t h e  order  of t h e  s p a c e r  and d ispers ion .  
The values  of P i n  Bl i f ford’s  measurements ranged from 0.22 t o  0.51 whi le  those  
of Lissberger  and Wilcox ranged from 0.18 t o  0.27. B l i f f o r d  concludes t h a t ,  i n  
t h e  absence of measurements, a va lue  of 0.35 f o r  P would g ive  a good approxi- 
mation. The Avco d a t a  f o r  the  above 18 A h a l f  width f i l t e r  agrees  wi th  t h e s e  
measurements g iv ing  a value f o r  P of 0.26 

The peak t ransmit tance of t h e  f i l t e r  decreases  as a func t ion  of  t h e  angle  of 
incidence.  
incidence.  For angles up t o  about 10 degrees ,  t h e  peak t ransmi t tance  remains 
cons tan t  wi th in  10 percent  of t h e  normal t ransmi t tance .  
der ived t h e  on-axis r e l a t i o n s h i p  of T ( A ) / T ( A ~ )  f o r  t h e  case of a converging beam 
passing through a f i l t e r  having a t ransmission c h a r a c t e r i s t i c  represented  as 

(Figure 1 4 ) .  

The t ransmit tance is  a f a i r l y  complicated f u n c t i o n  of t h e  angle  of 

Pidgeon and Smith10 have 

where 

2.760 

(H.W.)2 
A’, = Ao( l  - 0.1 e * )  and a2 E - 
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The r e s u l t  of t h i s  a n a l y s i s  g ives  the  expression 

where 

X = dis tance  from f i l t e r  t o  t h e  d e t e c t o r ,  

= radius  of f i l t e r  (assumed c i r c u l a r ) ,  4 
E(Y’) = the i n t e g r a l  of t h e  normal func t ion  as def ined i n  Burington page 

257. and 

y1’ = a\/T(A-A,) 

Figure 15  shows a p l o t  of t h i s  equat ion f o r  a H.W. = 20 A, rf = 0.5 inch,  x = 4 
inches,  A, = 3000 A. 
The Prober radiometer has a s o l i d  angle  of v i e w  of 0.077 ster r e s u l t i n g  i n  
somewhat l a r g e r  s h i f t .  As i n d i c a t e d  i n  t h i s  f i g u r e ,  t h e  amplitude i s  w i t h i n  
about 10 percent over the e n t i r e  pass  band. This genera l ly  agrees  with t h e  
measurements given by Bl i f  ford.  
t o  c a l i b r a t e  the radiometer t o  e l imina te  t h i s  c h a r a c t e r i s t i c  of t h e  f i l t e r .  

This corresponds t o  a s o l i d  angle  of view of - 0.05 ster. 

For p r e c i s e  measurements, i t  w i l l  be  necessary 

For the  condi t ions of the  tests made by Avco, t h e  shape of t h e  t ransmission 
func t ion  d i d  not change f o r  angles  up t o  5 degrees o f f  a x i s .  This agrees  wi th  
t h e  measurements reported by B l i f f o r d .  The h a l f  width tends t o  i n c r e a s e  f o r  
angles  grea te r  than about,  10 degrees and t h i s  appears  t o  be a func t ion  of t h e  
r a t i o  of H.W. /Ao .  This increase  i n  bandwidth would tend t o  o f f s e t  t h e  decrease 
i n  t ransmit tance f o r  a source having uniform i n t e n s i t y  as a f u n c t i o n  of wave- 
length .  This c h a r a c t e r i s t i c  of t h e  f i l t e r  is of concern only f o r  l a r g e  o p t i c a l  
c o l l e c t i o n  angles and can be c a l i b r a t e d  out  of t h e  system. 

4.3 TEMPERATURE EFFECTS 

A c a r e f u l  study of t h e  e f f e c t s  of temperature v a r i a t i o n  on f i l t e r  c h a r a c t e r i s t i c s  
w a s  included i n  the  paper by Bl i f ford .8  
range of t h e  f i l ter  from -20 degrees C t o  6 0  degrees  C t h e  t ransmi t tance  and 
shape of t h e  pass band of t h e  f i l t e r  were not a f f e c t e d .  The c e n t e r  wavelength 
s h i f t e d ,  however, i n  a l i n e a r  r e l a t i o n s h i p  wi th  t h e  temperature  due t o  changes 
i n  t h e  index of r e f r a c t i o n  of t h e  materJals, The temperature  c o e f f i c i e n t s  of t h e  
s h i f t  i n  A, was found t o  vary from 0.1 A t o  0.3 L (Oc)-1. This  agrees  w e l l  wi th  
publ ished data  provided by t h e  Opt ica l  Coating Laboratory,  as shown i n  Figure 16. 

The conclusion was t h a t  over  t h e  design 

Since t h e  temperature of the  Mars Probe w i l l  b e  r e g u l a t e d  f a i r l y  p r e c i s e l y ,  t h i s  
wavelength s h i f t  w i l l  not represent  a problem f o r  t h e  r e l a t i v e l y  broad f i l t e r s  
t o  be employed. 
present  a problem. Early tests of f i l t e r s  on t h i s  program i n d i c a t e d  t h a t  
commercially a v a i l a b l e  f i l t e r s  would not  s u r v i v e  h e a t  c y c l e s  above 125°C. 

S t e r i l i z a t i o n  of a l l  components of t h e  Probe, however, does 
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During the  course of t h i s  f e a s i b i l i t y  s tudy ,  several manufacturers have developed 
a "hard" coa t ing  f o r  f i l t e r s  which can be  subjec ted  t o  s t e r i l i z a t i o n  temperatures.  
Samples of t hese  f i l t e r s  have been cycled a t  temperatures up t o  15OOC f o r  a dura- 
t i o n  of 15 hours wi th  no observable  o p t i c a l  o r  phys i ca l  damage t o  t h e  f i l t e r .  
No h y s t e r e s i s  e f f e c t s  w e r e  observed when the  f i l t e r s  were brought back t o  room 
temperature.  One can conclude from these tests that the f i l t e r s  can be subjec ted  
t o  t h e  s t e r i l i z a t i o n  environment. 

4.4 AGING CHARACTERISTICS 

F ina l ly ,  t he  e f f e c t s  of aging i n  t h e  performance of f i l t e r s  should b e  considered,  
s i n c e  t h e  Prober instrument  may requi re  a reasonable  s to rage  l i f e .  A long-term 
aging experiment i s  being conducted by M r .  S. Sul l ivan11 of Spectrum System. A 
series of 40 f i l t e r s  i n  100 A s t e p s  have been p e r i o d i c a l l y  tested from 1954 and 
1957 t o  date .  
1963 t h e  epoxy cements have been d e t e r i o r a t i n g ,  thus changing t h e  o p t i c a l  
c h a r a c t e r i s t i c s .  
p a s t  two yea r s ,  hard coa t ings  have undergone t h e  same tests and show no changes 
to date .  

Up t o  1963 no o p t i c a l  o r  phys i ca l  changes were noted. Since 

These 40 f i l t e r s  were made wi th  s o f t  coat ings only.  For t h e  

4.5 COMPARISON OF FILTER AND GRATING SPECTROMETER TRANSMISSION CHARACTERISTICS 

The f i l t e r  c h a r a c t e r i s t i c s  ou t l i ned  i n  the  above s e c t i o n  r ep resen t  t h e  p re sen t  
s ta te  of t h e  a r t .  
r e j e c t i n g  r a d i a t i o n  ou t s ide  t h e  passband of interest. 
i n  Figure 13) w a s  made t c  demonstrate t h e  r e j e c t i o n  c h a r a c t e r i s t i c  of a good 
i n t e r f e r e n c e  f i l t e r  over four  orders  of t ransmisslon.  

A p a r t i c u l a r  requirement of the  Prober instrument is  t h a t  of 
The measurement ( ind ica t ed  

Avco has made a 0.1-meter scanning spectrcrmeter which provides similar s p a t i a l  
r e so lu t ion .  A Baush and Lomb monochromator was used t o  ob ta in  t h e  t ransmiss ion  
c h a r a c t e r i s t i c  of t h i s  spectrometer  when set at  5150 A. The r e s u l t  i s  shown i n  
Figure 17. The spread  of t he  t ransmission a s  a func t ion  of wavelength is q u i t e  
comparable t o  t h a t  of t h e  above f i l t e r  down t o  about t h e  t h i r d  order  of r e j e c t i o n .  
A t  t h i s  l e v e l ,  t h e  instrument  became s a t u r a t e d  wi th  s c a t t e r e d  l i g h t .  I n  t h i s  
spectrometer ,  no at tempt  o the r  than reasonable design ca re  w a s  made t o  minimize 
t h e  s t r a y  l i g h t .  
e l i m i n a t e  h igher  orders  because of band overlap i n  t h e  scanning ranges of t h i s  
instrument  . 

Glass f i l t e r s ,  Corning Nos. 0.54 and 3.69, were used t o  

It i s  c l e a r  t h a t  d i spe r s ive  systems w i l l  r equ i r e  extreme care i n  design t o  e l i m -  
i n a t e  s c a t t e r e d  l i g h t  i n  order  t o  provide adequate r e j e c t i o n  r a t i o  over t h e  
i n t e n s i t y  ranges requi red  by t h i s  instrument.  
t o  make high-resolut ion s p e c t r a l  measurements i n  the  near  u l t r a v i o l e t  reg ion ,  a 
d i s p e r s i v e  system using a g ra t ing  w i l l  be  required.  A prel iminary design of an 
instrument  capable  of measuring seve ra l  l i n e s  simultaneously wi th  a s i n g l e  
photomul t ip l ie r  d e t e c t o r  was carried out. 
concept a r e  presented i n  Appendix C. 
and f a b r i c a t i o n  of t h i s  instrument were considered t o  be beyond the  scope of 
t h i s  study. 

I f ,  however, it becomes imperat ive 

The design equat ions and instrument  
The p r a c t i c a l  problems i n  the  a c t u a l  design 
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5.0 SENSOR STUDIES 

5.1 SURVEY OF MANUFACTURERS 

A survey of commerciaiiy a v a i i a b i e  sensors  f o r  the s p e c t r a l  region 0 . 2  5 A 2 0.8 
microns w a s  c a r r i e d  out  t o  def ine  an optimum sensor  f o r  t h e  Prober radiometer.  
Figure 18 shows a p l o t  of t h e  wavelength response versus D* f o r  several s o l i d  
s ta te  d e t e c t o r s .  
requi red  t o  j u s t  equal  t h e  noise  s i g n a l  of t h e  d e t e c t o r  p e r  u n i t  area of d e t e c t o r  
per  u n i t  bandwidth of t h e  d e t e c t o r  ampl i f ie r  system. The D* performance is, of 
c o u r s e , c r i t i c a l l y  dependent upon t h e  c h a r a c t e r i s t i c s  of t h e  preampl i f ie r  used with 
t h e  d e t e c t o r .  The D* va lues  shown i n  Figure 18 are r e a l i z a b l e  wi th  r e a d i l y  a v a i l a b l e  
a m p l i f i e r  c i r c u i t s .  It i s  clear from t h i s  f i g u r e  t h a t  the  two d e t e c t o r s  of in- 
terest are s i l i c o n  and l e a d  sulphide.  
s i l i c o n  d e t e c t o r s  are c l e a r l y  more d e s i r a b l e  than l e a d  sulphide.  
c h a r a c t e r i s t i c s  of l e a d  su lphide  cells i n d i c a t e  wide v a r i a t i o n s  of s e n s i t i v i t y  
w i t h  t i m e .  
s t a b i l i t y .  The manufacturers have not y e t  documented the  aging c h a r a c t e r i s t i c s  
f o r  these  devices. 

D* is  a f i g u r e  of merit of t h e  d e t e c t o r  which def ines  t h e  s i g n a l  

From t h e  s tandpoin t  of s e n s i t i v i t y  the  
The aging 

Our experience wi th  t h e  s i l i c o n  d e t e c t o r s  i n d i c a t e s  much g r e a t e r  

S imi la r  high s e n s i t i v i t i e s  i n  t h i s  s p e c t r a l  region can be achieved from photo- 
m u l t i p l i e r s ,  but  t h e  problem of s t e r i l i z i n g  t h e  photomul t ip l ie rs  has been beyond 
t h e  state of the  art. Communication with M r .  James Rodrick a t  EMR/Princeton has  
d i s c l o s e d  a nearly-completed PM s t e r i l i z a t i o n  program sponsored by JPL (Contract 
No. 950-682). 
be s t e r i l i z e d  without  d r a s t i c  l o s s  of s e n s i t i v i t y .  
i n v e s t i g a t e  these e f f e c t s  they have i s o l a t e d  ins tances  where cesium-potassium 
photocathodes have been mistakenly l e f t  i n  t h e  oven a t  15OoC over t h e  weekend. 
I n  t h i s  case, the tubes d id  n o t  degrade appreciably.  The s p e c i f i c  class of tube 
which EMR t e s t e d  is similar t o  t h e i r  type 541D-05M-14. 

The f i n a l  r e s u l t s  w i l l  show t h a t  a b i - a l k a l i  photocathode PM can 
Although RCA d i d  not  formally 

The requirements f o r  a high-voltage power supply and a genera l ly  more heavy 
d e t e c t o r  systems tend t o  discourage t h e i r  use f o r  space ins t rumenta t ion  i f  the  
measurement can be made with s o l i d  s t a t e  d e t e c t o r s .  

Table  I11 (page 37) p r e s e n t s  a survey of sensors  c u r r e n t l y  a v a i l a b l e  from var ious  
manufacturers .  From t h i s  survey , the  E.G.&G.,Inc.,Type SDlOO s i l i c o n  P on N j u n c t i o n  
photodiode appears t o  have t h e  b e s t  s e n s i t i v i t y ,  s p e c t r a l  response and D* of t h e  
s e n s o r s  evaluted i n  t h i s  survey. 
temperatures above 100°C because of the n a t u r e  of t h e  e l e c t r o d e  c o n t a c t s  on t h e  
ce l l .  A development program is underway a t  the  E.G.&G., Inc . ,  t o  provide elec- 
t r o d e  contac ts  which w i l l  wi thstand the s t e r i l i z a t i o n  environment (150°C f o r  
36 hours) .  

The present  SDlOO cel l  may n o t  be s t o r e d  a t  

I 
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5.2 OPERATING CHARACTERISTICS 

Rela t ive  s p e c t r a l  s e n s i t i v i t y  curves f o r  SD444C and S D l O O  c e l l s  are shown i n  
Figure 19. 
b e s t  e f f o r t  to  date .  
925 mp but  t h e  r e l a t i v e  response is poorer than the S D l O O  a t  t h e  b lue  end. 

The SGD444C c e l l  has a quar tz  window and represents  t h e  manufacturer ' s  
The maximum SGD444C s e n s i t i v i t y  is high, 0.565 amp/watt a t  

Manufacturer-supplied curves of n o i s e  cur ren t  a t  d i f f e r e n t  b i a s  condi t ions  as a 
func t ion  of frequency are shown i n  Figure 20 f o r  t h e  SD100. 
guard r i n g  design of the  SGD444 is shown i n  Figure 2 1  
t h r e e  reduction i n  noise  c u r r e n t s .  Guard r i n g  c u r r e n t s  are t y p i c a l l y  1 p A a t  
90 v o l t s .  

The e f f e c t  of t h e  
wi th  a f a c t o r  of about 

For appl ica t ions  where the i l l u m i n a t i o n  f a l l i n g  on t h e  sensor  is n o t  col l imated,  
i t  i s  necessary t o  determine the  r e l a t i v e  response of t h e  sensor  as a func t ion  of 
t h e  angle  of incidence of the  r a d i a t i o n .  
measurement i n  which the  angle  of incidence w a s  v a r i e d  by t 10 degrees.  This 
v a r i a t i o n  w i l l  automatical ly  be compensated f o r  i f  the  radiometer i s  properly 
c a l i b r a t e d .  This response curve is expected t o  be the  same f o r  t h e  SD100, t h e  
SGD444 and the SGDlOO sensors .  

Figure 22 shows t h e  r e s u l t s  of a 
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Figure 22 RELATIVE RESPONSE VERSUS ANGULAR DEVIATION, 
SD 100, SGD 444, SGD 100 
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, 

Durine t h e  course of t h i s  c o n t r a c t ,  Avco has communicated wi th  EG&G/Boston t o  
keep a b r e a s t  of the developments on the SD 100, SGD 444 and t h e  proposed SGD 100 
sensor .  The r e s u l t s  are summarized below: 

SD 100 Minimum Maximum 

S p e c t r a l  Range ( p )  0.35 1.13 

S e n s i t i v i t y  (0.8 t o  0 . 9 ~ )  A/W 0.17 0.25 

Quantum Eff ic iency,  percent  31 62 

Dark Current p A  a t  25OC 
(doubles f o r  every 10°C r i s e )  

D* (0.9 p, 103, 1 )  
(watts-1 cm-cpsl/') 

0.5 1 2  

1012 

Operating Voltage ( v o l t s )  1 150 

Operating Temperature ("C) -65 +loo 

SGD 100 

The o b j e c t i v e  s p e c i f i c a t i o n s  f o r  t h i s  sensor  are t h e  same as t h e  SGD 444 below 
wi th  t h e  a c t i v e  area the  same as the  SD 100. The dark c u r r e n t  w i l l  b e  reduced. 

SGD 444 

S p e c t r a l  Range* ( p )  0 . 4  1.1 

S e n s i t i v i t y  (0.8 t o  0.9d A/W 0.35 0.5 

Quantum Eff ic iency ,  percent  35 70 

Dark Current p A  at 25OC 
(double f o r  every 10°C r i s e )  

(watts-{' cm-cpsl/2) 
D* (0.9 103, 1) 

0.15 12 

Operating Voltage ( v o l t s )  1 360 

Operating Temperature ("C) -65 150 

'Refer to the response curves, Figure 19 (the curve in  their data sheet  013 is not correct). 
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SD 100 

SGD 444 

SGD 100 

CN 100 

L 4502 

Special 

Special 

Special 

Special 

Special 

Device 

iilican 
B on N 

.age Area 
Silicon 
'mN 

Silicon 
P on N 

Silicon 
P m N  

Silicon 
P.I.N. 

Silicon 
P on N 

Pyroleetric 
Thermal 
Detector 

Type N 6 P 
PbS 

N Type PbS 

N Type PhS 

Silicon 
P m N  

TABLE Ill 

SENSOR CHAR ACT E RI  STI CS 

Operating Conditions 

by he operated in 
,hotoconductive or 
,hotovoltaic modes 
mrmally back biased 

;me as above. An 
additional parer 
mpply is required 
lor the guard ring 

same as SGD 444 

Same as above with 
guard ring operation 

Same as SG 100 

same a s  abwe 

AC Bias 
(up to lkc) 

Photoconductive 
Nade 

Photoconductive 

Photoconductive Mode 

Same as SD 100 

Comments 

1. High Sensitivity 

2. Excellent spectral characteristics 

3. May not be used or stored over 100°C because of 
silver paste ohmic connections. 

Status: This is the cell which is incorporated into 
the first Proher Radiometer prototype. 

1. Same excellent response and spectral character- 
istics as the SD 100 

2. The sa= N.E.P. values as the SD 100, though it 
is a larger area detector. This is due to the 
effect of the guard ring bias on dark current. 

3. Goad possibility of fabricating high temperature 
leads on this device. 

Status: The device vas tested and the results are 
simrmarired on page 36. 

1. Same specifications and dimensions as the 
SD 100 vith the capability of surviving the 
sterilization cycles. 

Status: Just becodng available. 

1. Has low dark current due to small area and 
guard ring operation. 

Status: 

1. High sensitivity 

2. 

W response pwr on sample units eval\i&ted. 

Spectrally not as uniform as SD 100 on sample 
tested. 

3. GeometIy is such that it may readily be environ- 
mentally conditioned. 

Status: Nare evaluation required. 

1. 

Status: Hore evaluation required. 

1. The device has a low thermal response 

2 .  The device behaves like a capacitor of about 

Essentially same device as L 4502. 

20 pf. Because of this characteristic better 
impedance matching may be achieved lowering 
the N.E.P. 

Stafus: 
1. 

2. 

Device vas not evaluated on this program. 

Good W response for PbS detectors. 

Dark resistance varies vith age over e vide 
range. 

Status: Item 2. above makes the device unreliable 
for long term missions. 

Same as above, W response not as good. 

Same as above, good W respomse. 

1. The manufacturer claims better D* than the 
SD 100. 

Hanufacturer 

E . G . G . ,  Inc 

E.G.6G. 1nc. 

E.G.6G., Ine. 

Electro-Optical Systems 

Phileo 

Texas Instrllments 

Barnes Engineering 

Kodak 

Electronic Corporation 
of America 

Infrared Indwtries 

hew left-Packard 
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6.0 INSTRUMENT DESIGN 

6 . 1  DESIGN CONSIDERATIONS FOR SILICON PHOTODIODE PREAMPLIFIERS 

To ob ta in  optimum d e t e c t i v i t y  from s i l i c o n  pho tovo l t a i c  d e t e c t o r s ,  one must oper- 
a t e  t he  c e l l  i n  i t s  optimum d.c .  b i a s  condi t ion  and e f f i c i e n t l y  extract t h e  
r a d i a t i o n  induced s i g n a l  power i n  a usab le  e l e c t r i c a l  form. The problem of ob- 
t a i n i n g  maximum s e n s i t i v i t y  i s  the re fo re  twofold: 1) t h e  d .c .  opera t ing  po in t  
must be  maintained e s s e n t i a l l y  cons tan t  r ega rd le s s  of background r a d i a t i o n  
changes; and 2) t h e  dynamic s i g n a l  power must be  ampl i f ied  t o  a usab le  l e v e l  wi th  
minimum ampl i f i e r  n o i s e  in t e r f e rence .  

Consider t h e  r e l a t i o n s h i p  between D* and t h e  d .c .  b i a s  cond i t ion  (D* i s  consid- 
ered a measure of t h e  d e t e c t o r  SIN r a t i o ) .  F igure  23 shows t h e  D* of a t y p i c a l  
d e t e c t o r  p l o t t e d  a g a i n s t  t h e  d iode  c h a r a c t e r i s t i c s  of t h e  d e t e c t o r ,  t h e  v o l t a g e  
a x i s  being common t o  both  p l o t s .  

The optimum b i a s  po in t  f o r  maximum D* i nva r i ab ly  occurs  near t h e  zero  vo l t age  o r  
s l i g h t  back b i a s  po in t  Vo, Io .  Zero b i a s  r e p r e s e n t s  a d.c. s h o r t  c i r c u i t  con- 
d i t i o n  on the  c e l l  such a s  t h a t  o f f e red  by an i d e a l  shunt ing  choke, t ransformer ,  
o r  i n v e r t i n g  ope ra t iona l  ampl i f i e r  ac ross  t h e  d e t e c t o r .  Under these  cond i t ions ,  
t h e  D* i s  maintained a t  maximum and pass ive  loading  is n e g l i g i b l e .  

Two poss ib l e  modes of dynamic a.c. opera t ion  may be  cons idered ,  namely, vo l t age  
and cu r ren t  model2. 
j unc t ion ,  e l ec t ron  h o l e  p a i r s  are produced and tke  j u n c t i o n  acts as a cons t an t  
cu r ren t  genera tor  wi th  shunt and series resistance. I n  t h e  v o l t a g e  mode ope ra t ion ,  
t h e  open c i r c u i t  vo l t age  produced by t h e  cu r ren t  f low i n  t h e  shunt  r e s i s t a n c e  of 
t h e  junc t ion  i s  sensed and amplified.  I n  t h e  c u r r e n t  mode ope ra t ion ,  t h e  s h o r t  
c i r c u i t  cu r ren t  induced i n  t h e  d e t e c t o r  i s  sensed and ampl i f i ed  (F igures  24, 25, 
and 26). The following d i scuss ion  compares t h e  v o l t a g e  and c u r r e n t  modes of 
opera t  ion .  

When t h e  photons of t h e  i n c i d e n t  r a d i a t i o n  s t r i k e  t h e  pn 

6.1.1 S i l i c o n  Photodiode Equivalent C i r c u i t  

The Norton equiva len t  c i r c u i t  f o r  t h e  s i l i c o n  d iode  is  shown i n  F igure  27. 
The b a r r i e r  r e s i s t a n c e ,  Rj , is  of o rde r  1 t o  2 megohms. 
s i s t a n c e ,  R, , is usua l ly  around 500 ohms and t h e  b a r r i e r  capac i tance ,  Cj , 
v a r i e s  from 100 p ico fa rads  a t  zero  b i a s  t o  10 p i co fa rads  a t  100 v o l t s  b i a s .  
RL is the p reampl i f i e r  i npu t  impedance and is  of t h e  o r d e r  of 1 O I 2  ohms o r  
c l o s e  t o  zero  depending on t h e  type  of a m p l i f i e r  c i r c u i t  used. The c u r r e n t  
generator I 

The series re- 

is  def ined  by t h e  Ebers-Moll13 equa t ion  as d ’  
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= dark current 

= saturation current 

= electronic charge 

= drop in potential across diode junction 

Id 

IS 

9 

K = Boltzmann's constant 

T = equilibrium temperature 

p = factor of the material 

The current generator I,, 
radiation and is given by 

is defined as the current induced by the source 

I,, = q qK J, A~ 

where 

= source radiation flux (photonslsec cm2) 

= area of the detector (cm2) 
JK 

1, = quantum efficiency with respect to the source radiation 

The circulating current is then 
V, 

where I is the current delivered to the load preamplifier input impedance 
't, and 

(RL + R,) 

R .  
1 

= I  (6-4) 
Eb 

I .  = - 
I R. 

1 

by substituting equation (l), (2) and (4) into ( 3 )  we obtain: 

VL (RL + R,) 

R. I RL 
- -  

The barrier capacitance ( C j )  may be neglected since our modulating frequency 
will be 500 cps, which gives a reactance of lo7 ohms shunting R.  . 

1 
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6.1.2 Voltage Mode Operation (Horizontal Load Line) 

In this mode of operation, a varying voltage across the photodiode is taken 
as a measure of varying incident radiation. 
biased at -V,,-i, (Figure 24) and dynamic operation occurs along a horfzon- 
tal load line passing through the bias point. 

Ideally, the photodiode is 

One such configuration for achieving this type of operation is shown in 
Figure 25. For voltage mode operation andRL>>R. the current I flows en- 
tirely through R. and 1 '  

I 

The value of q/KT 6 at 300'K is 16.81 = M 

where 

K 

q 

= Boltzmann's constant, 1.381 x loz3 joulesIok 

= is the charge of an electron, 1.602 x 10-19 coulomb 

T = is the absolute temperature in degrees Kelvin 27OC (300OK) 

= material factor, 2.3 

The series expansion for the exponeatial terms in (6-6) is 

(6-7) M2VL2 M3 VL3 d V L 4  
+ - +.... .  + - + -  W L  

e x p M V L  = 1 +- 
l !  2! 31 4 !  

substituting (6-7) into (6-6) we obtain 

(6-8) M ~ v ~ ~  M3VL3 

2! 31 
q qr J, AD + I, (MVL + - + -  

L 

We see from (6-6) and (6-81, that V bears a nonlinear relationship to the 
source radiation J,. 
undesirable effect of shifting the operating point. Note also that the 
induced voltage across the photodiode is dependent on diode saturation 
current, temperature andB as well as q q ,  A 
photodiode parameters change, the ratio of qnduced voltage to incident 
source radiation will also change in the voltage mode of: operation. 

The exponent term causes rectification which has the 

constants. Therefore, if the 

6.1.3 Current Mode Operation (Vertical Load Line) 

In this mode of operation, the photodiode induced current is taken as a 
measure of varying incident radiation. Ideally, the photodiode is biased 
again at V,, 1 , and dynamic operation occurs along a vertical load line 
passing througx the bias point. 
type of operation is shown in Figure 26. 
VLis zero since RL is zero and Equation (6-5) reduces to 

One such configuration for achieving this 
In the current mode of operation, 
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This shows that the induced current varies only with quantum efficiency, ir 
electron charge, q ,  and detector areaAD, which are uncharging quantities. 
Therefore, the relationship of the output to the input radiation is linear 
in the current mode operation. 

6.1.4 Automatic Bias Control 

The previous discussion of voltage mode and current mode operation shows 
that with respect to ultimate sensitivity, both systems are essentially 
identical. Current Mode operation, however, offers one fundamentally im- 
portant advantage, that of naturally providing a method of automatically 
controlling the bias voltage across the diode. 
offered to the photodiode is vertical (Figure 24); thus, changes in back- 
ground ambients will cause only changes in photodiode current, the photo- 
diode bias voltage remains fixed. 
elimination of crosstalk between diodes which are present through the bias 
supply in voltage mode operation. 
current amplification simultaneously, the low input impedance presented by 
the operational amplifier to the photodiode must remain low at all fre- 
quencies down to d.c. 
diode amplifier be directly-coupled, stabilized, and low-noise. The con- 
struction of such amplifiers, although difficult, is quite feasible. 

The amplifier load line 

An additional important point is the 

To realize automatic bias control and 

This imposes the further requirement that the photo- 

6.1.5 Noise Considerations 

Referring back to Figure 20 in Section IV, one can see that considerable 
reduction in noise is realized at low bias values. For the SD 100, this 
amounts to approximately one decade and further supports the choice of 
current mode (essentially zero bias) operation. For the presently assigned 
wavelengths, (4197 and 5165) and using synchronous detection, reduction of 
noise is not critical. 
and a design philosophy of achieving highest sensitivity, the current mode 
of operation was selected. 

However, together with other current mode advantages 

6.1.6 Conclusions 

Ideal current mode operation of the silicon photodiode appears to have 
certain definite advantages over the voltage mode operation. These ad- 
vantages are 

a. Lack of self-signal rectification and, hence, lack of distortion. 

b. Less sensitivity to environmental conditions. 

c. Independence of photodiode parameter variations allowing direct 
replacement and interchangeability of cells without circuit corrections. 
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e. Good frequency response, l i m i t e d  only t o  t h e  i n t r i n s i c  s h o r t  
c i r c u i t  t i m e  cons tan t  of the d e t e c t o r .  

g. Reduction i n  noise .  

6.2 SYNCHRONOUS AMPLIFIER CONSIDERATIONS 

Excel len t  s e n s i t i v i t y  can be achieved i f  t h e  system bandwidth i s  reduced. 
Broadband n o i s e  is  reduced and b e t t e r  S f N  r a t i o s  are obtained. 

6.2.1 Noise 

There a r e  s e v e r a l  n o i s e  cont r ibu tors .  
spectrum. 

Each has  a somewhat t y p i c a l  power 

a. 
t h e  n o i s e  power p e r  u n i t  bandwidth is cons tan t  throughout t h e  whole 
frequency spectrum. 
power spectrum is  t h e  same as of whi te  l i g h t .  
thermal energy of f r e e  e l e c t r o n s  i n  such th ings  as r e s i s t o r s  and s e m i -  
conductor components. 

Johnson noise  and shot n o i s e  both have a power spectrum i n  which 

The term whi te  n o i s e  i s  g e n e r a l l y  used s i n c e  t h e  
The noise  arises from 

b .  Surface noise ,  leakage n o i s e ,  aid ilicker i70ise ~ Z Y S  a poxcr  
spectrum i n  which t h e  power per  u n i t  bandwidth v a r i e s  i n v e r s e l y  wi th  
frequency and i s  hence ca l led  l f f  no ise .  
l f f  no ise .  

Contact n o i s e  o f t e n  e x h i b i t s  

c. I n t e r f e r e n c e  n o i s e  a r i s e s  from s p e c i f i c  sources  such as commu- 
t a t o r  n o i s e ,  RF power generators ,  l i n e  pickup, e tc . ,  and usua l ly  ex- 
h i b i t s  s p e c i f i c  no ise  f requencies .  

6.2.2 S i g n a l  t o  Noise 

The s imples t  method of n o i s e  reduct ion (assuming a l l  no ise  sources  have 
been minimized) is  t o  reduce the system bandwidth and select a frequency 
band as high as is  p r a c t i c a l  away from coherent n o i s e  f requencies .  
reduct ion  of t h e  bandwidth reduces Johnson and l / f  no ise ,  and s e l e c t i o n  
of a frequency band as high as p o s s i b l e  f u r t h e r  reduces t h e  l / f  no ise .  
To r e t a i n  low frequency o r  d.c. response,  one modif ies  t h e  input  s i g n a l  
(by chopping, f o r  ins tance)  and ampl i f ies  t h e  r e s u l t a n t  s i g n a l  with a 
narrow band system. R e c t i f i c a t i o n  of t h e  output  then y i e l d s  t h e  o r i g i n a l  
input  s i g n a l  wi th  reduct ion i n  noise .  

I n  t h e  case of t h e  Prober Radiometer, t h e  use of a nonsynchronous chopper 
motor ( t o  conserve i n p u t  power), would r e q u i r e  a r a t h e r  wide bandwidth 
a m p l i f i e r  and, hence, poor noise  reduct ion.  
demodulator w a s  used. 

Obviously, 

For t h a t  reason, a synchronous 
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Synchronous ampl i f i ca t ion  o r  demodulation allows one t o  achieve narrow 
band c h a r a c t e r i s t i c s  by r e c t i f i c a t i o n  a f t e r  ampl i f i ca t ion  using a synchro- 
nous r e c t i f i e r .  To achieve t h i s ,  i t  is necessary t o  provide a switching 
s i g n a l  derived from t h e  chopper. I n  t h e  radiometer,  a l i g h t  source and 
photodiode provide a synchronizing s i g n a l  of t h e  same frequency as t h e  de- 
s i r e d  s igna l s .  
u s ing  a p a i r  of F i e l d  E f f e c t  T r a n s i s t o r s  as series switches.  A block dia-  
gram of the  radiometer system is  shown i n  Figure 28. 
are discussed i n  Sec t ion  V I .  

This synchronizing s i g n a l  i s  then used t o  switch the  ou tpu t ,  

The c i r c u i t  d e t a i l s  

It can be r e a d i l y  shown t h a t  i f  t h e  output is  read by an averaging device,  
t h e  system output  w i l l  be zero f o r  any frequency t h a t  i s  no t  an odd harmonic 
of t h e  fundamental switching wave. 
monics by f i l t e r i n g ,  leaving j u s t  t h e  fundamental. Theories of synchronous 
d e t e c t i o n  and c i r c u i t  design are covered i n  the  l i t e r a t u r e . l 4 , 1 5 , 1 6  
t h i s  type system, no matter how narrow t h e  d e t e c t i o n  system bandwidth, t h e  
c e n t e r  of t h e  pass band i s  always locked onto t h e  s i g n a l  frequency. 
noncoherent n o i s e  w i l l  be averaged out  by t h e  systems output f i l t e r .  

I t  is simple t o  remove t h e  upper har- 

With 

Any 

Examination of t h e  equi l ibr ium r a d i a t i o n  i n  Figure 6 i n d i c a t e s  r e l a t i v e l y  
slow r i s e  of t he  order  of one second. 
equilibrium overshoot may cause t h e  r a d i a t i o n  t o  rise beginning e a r l i e r  
i n  t h e  t r a j e c t o r y  and perhaps cause a lenghthening of t h e  measurement 
t i m e .  Hence i t  i s  necessary t o  preserve t h e  d.c.  response of t he  radiometer 
W e  have a r b i t r a r i l y  extended t h e  high frequency response t o  20 Hz. 

A s  was previously d i scussed ,  non- 

6 .3  ADDITIONAL C I R C U I T  CONSIDERATIONS 

T i m e  d id  no t  allow f o r  t h e  f i n a l  design,  t e s t i n g  and packaging of 1) t h e  
logari thmic amplif ier  and 2) motor con t ro l .  
and i s  described i n  t h i s  r e p o r t .  

Work w a s  performed on each, however, 

6.3.1 Logarithmic Amplifier 

Conventional diodes,  and t r a n s i s t o r s  used as d iodes ,  have a cons t an t  l og  I 
ve r sus  V c h a r a c t e r i s t i c  f o r  3 t o  4 decades when used f o r  l oga r i thmic  con- 
vers ion.  One of t h e  sources  of e r r o r  i n  us ing  e i t h e r  foxm of diode i s  t h e  
s l o p e  v a r i a t i o n  versus  temperature ( t h e  j u n c t i o n  temperature v a r i e s  with 
c u r r e n t ) .  
p r a c t i c a l l y  constant  f o r  a 25OC temperature range. An e x c e l l e n t  l oga r i thmic  
ampl i f i e r  may be designed u t i l i z i n g  t h e  p r e d i c t a b l e  and non-l inear  charac- 
t e r i s t i c s  of b ipo la r  t r a n s i s t o r s .  This t ype  of system has  been made wi th  a 
thermal s e n s i t i v i t y  of about 20.3 percent /degree C.  
t h i s  c o e f f i c i e n t  can be reduced. 

By t h e  use of b i p o l a r  t r a n s i s t o r s , 1 7  t h e  s l o p e  can be  he ld  

By custom compensation, 

Figure 29 shows t h e  two gene ra l  methods of u s ing  t h e  t r a n s i s t o r  as a 
logarithmic device.  The Pa te r son l8  c o n f i g u r a t i o n  has  t h e  g r e a t e s t  c u r r e n t  
r e so lu t ion  and is l imi t ed  only by I,, and t h e  s e n s i t i v i t y  of t h e  measuring 
ampl i f i e r .  It is u s e f u l  only f o r  u n i d i r e c t i o n a l  s i g n a l s  (d . c . )  because of 
t h e  grounded base.  The second method ( c o l l e c t o r  t o  base sho r t ed )  a l lows 
f o r  p o l a r i t y  r e v e r s a l s .  However, t h i s  c o n f i g u r a t i o n  i s  hard t o  real ize  i n  
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p r a c t i c e  because of t h e  foreshortened c u r r e n t  range (dashed l i n e )  and t e m -  
p e r a t u r e  s e n s i t i v i t y .  
m u l t i p l i e d  by t h e  cur ren t  g a i n  of t h e  t r a n s i s t o r .  

The increased lower l i m i t  is due t o  t h e  o f f s e t  cur ren t  

riglire 30 shfiv.: the complete c i r c u i t  us ing  t h e  Paterson conf igura t ion  ( a f t e r  
R. J. Widlar) .I7 

The output v o l t a g e  may be expressed as: 

System Gain VBE offset 

(6-10) 

The r e s i s t o r s  R2 and R3 provide o f f s e t  adjustment.  
of t h e  f i r s t  a m p l i f i e r .  The s lope  of t h e  log  c h a r a c t e r i s t i c  is  determined 

R5 l i m i t s  t h e  loop g a i n  

by R8' 

6.3 .2  Chopper Motor Power Supply 

The chopper motor can be operated a t  less than rated speed t o  conserve 
power. Input of about one w a t t  of power r e s u l t s  i n  a speed about 50 percent  
of r a t e d .  Figure 31 d e p i c t s  one method of powering t h e  motor. An i n t e -  
grated c i r c u i t  r e g u l a t o r  provides a moderately regulated d.c.  v o l t a g e  t o  t h e  
converter .  The d.c.-to-a.c. converter  uses  a squarewave o s c i l l a t o r  oper- 
ocL"6 - + < - -  u c  -+ 2"" mn --- Cy&.. n . - ~ . - ~ 1 1  " I I L U I L  nFC- f r4nnn- r  -..* -----*-, T - T i l l  ..--- hp = p p r ~ ~ ~ ~ ~ ~ e l y  R_S per-pnt at 

one wat t .  

A s i g n a l  obtained from t h e  l i g h t  source d e t e c t o r  used i n  t h e  synchronous 
a m p l i f i e r  system, is r e c t i f i e d  and f i l t e r e d  t o  provi-de a d.c. v o l t a g e  pro- 
p o r t i o n a l  t o  frequency. This cont ro l  v o l t a g e  f e d  t o  t h e  r e g u l a t o r ,  w i l l  
provide f u l l  power on s t a r t i n g  and some r e g u l a t i o n  of speed. 

- 6.4 ELECTRONIC SYSTEM DESCRIPTION 

The o b j e c t i v e s  i n  t h e  development of t h e  f i r s t  brassboard model w e r e  d i r e c t e d  
toward obta in ing  t h e  optimum performance from t h e  sensors .  
w a s  given t o  f l i g h t  condi t ions  o t h e r  than t h e  assurance t h a t  each component 
could be made t o  withstand 150°C s t e r i l i z a t i o n  environment and t h e  "high GI' 
f o r c e s  expected. 
A Prober  e l e c t r o n i c  system block diagram is  shown i n  Figure 33. 
w e  see t h a t  t h e  system has four  i d e n t i c a l  s i g n a l  channels. 
is  made up of i t s  own sensor  and f i l t e r  combination, preampl i f ie r ,  synchronous 
r e c t i f i e r  and te lemetry d r i v e  amplif ier .  The synchronous r e c t i f i e r  system i s  
phase-locked t o  t h e  motor speed v i a  a l i g h t  source and d e t e c t o r  combination. 
The output  from t h i s  phase sensing system d r i v e s  the  four  synchronous r e c t i f i e r s .  
The output  low pass  f i l t e r  and t h e  te lemetry d r i v e r s  are incorporated i n t o  t h e  
synchronous system. The motor supply has  not  been developed. However, a pro- 
posed scheme was descr ibed above. 

No cons idera t ion  

The r e s u l t s  of t h i s  development a r e  d e t a i l e d  i n  Figure 32. 
From t h e  diagram, 

Each s i g n a l  channel 
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Figure 31 CHOPPER MOTOR POWER SUPPLY 
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Figure 3 2  SCHEMATIC OF PROBER RADIOMETER 
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6.4.1 Environmental Considerations 

Considering a deceleration of 200 g ' s  during operation, the only area of 
concern in the Prober Radiometer is the thrust on the chopper motor. 
thrust force during deceleration will represent approximately 2.5 pounds 
axial load on the motor bearing system. 
are rated at a thrust load of 22 pounds and a radial load of 10 pounds. 
The radial yield for the thrust load of 2.5 pounds will typically be 
inches. 
torque of the motor during this high g operating environment. 

The unit is designed to be hermetically sealed. 
window and glass-to-metal electrical feedthrough have low enough leak rates 
to be compatible with a Mars mission. 

This 

The bearings now used in the motor 

This small displacement will not significantly affect the running 

The kovar-to-sapphire 

A l l  components will be able to function properly after being subjected to 
the sterilization cycles. Motor lubrication will have to be accomplished 
using high temperature lubricants or a dry lubricant. 
and sealing problems, no other major environmental problems are anticipated. 
The design of the instrument is such that radio frequency interference 
with other experiments should be eliminated, 
the power supply decoupling will have t o  be given to minimize interference 
from other experiments. 

6.4.2 System Specifications 

Besides the motor 

Careful attention regarding 

6.4.2.1 Optical 

Instrument type : Four-channel radiometer (Type I, Lenseless Filter) 

Channels : 1. 5155 A 
2. 4196 A 
3 .  To be determined 
4. To be determined 

Minimum Sensitivity: watts/cm2-ster- p 

Field of View : 18 degrees/channel (center-line of each channel 
is 20 degrees off instrument axis) 

Bandwidth : 30 A (with 18 degree field of view) 

6.4.2.2 Electrical 

System : Silicon photodiode operared in the current 
mode with synchronous detection 

Input Dynamic Range : lo3 

System Response : bandwidth, 0 to 20 cps at the 3 db point 

Output Characteristics: maximum signal, 5 volts into an impedance of 3 kilohms 
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Power Input :  350 mw ?er channel (one synchronous d r i v e  channel p l u s  
up t o  a maximum of f o u r  s i g n a l  channels) 
Motor, 4 w a t t s  ( i f  operated a t  r a t e d  speed) 

6.4.2.3 Mechanical 

Weight : 250 gms (8  ounces) (es t imated f l i g h t  weight 14 t o  
16 ounces) 

Overal l  Dimensions: A cyl inder  of 2-112 inches diameter and 2 inches 
long 

6.5 MECHANICAL DESCRIPTION 

Figure  34 shows the  b a s i c  Radiometer, assembled. 
of  f o u r  Type I ( l e n s e l e s s  f i l t e r )  systems l a i d  out  as i n  Figure 32. 
graph of F igure  35 shows t h e  s i z e  5,400-cycle motor and chopping wheel (13 h o l e s ) ,  
t h e  sensor  and f i i t e r  housing, anit th2 cover housing wi th  f r o n t  window. 
radiometer is f i rmly  held i n  p lace  between t h e  back cover and the  o f f s e t  a t  t h e  
window. 
house. 
moved. 
damage the  sapphi re  window. 
magnesium a l l o y  wi th  t h e  o u t e r  cover made of 304 s t a i n l e s s  steel. 

The radiometer u n i t  c o n s i s t s  
The photo- 

The 

The motor is secured v i a  set screws as is t h e  gal l ium arsenide  lamp 
The lamp house must b e  removed b e f o r e  t h e  motor and chopper may be re- 
Care must be taken i n  handling t h e  f r o n t  window s i n c e  f i n g e r  p r i n t s  w i l l  

The radiometer p a r t s  were f a b r i c a t e d  wi th  ZK 60A 

The use of e lec t ronica l ly-dr iven  tuning forks  :or tuUdii:atliig o r  chogpizg the 
l i g h t  i n c i d e n t  upon t h e  d e t e c t o r  w a s  i n v z s t i g a t e d  b r i e f l y .  A 118-cycle tuning 
f o r k  with t h e  conf igura t ion  shown i n  Figure 36 w a s  evaluated.  The t i n e  motion 
w a s  & 0.06 inch and t h e  area chopped was s u f f i c i e n t  t o  modulate t h r e e  s tandard 
SD-100 cells  mounted d i r e c t l y  behind the tuning fork .  
l a r g e  t i n e  dimensions and low chopping frequency , w a s  p a r t i c u l a r l y  s u s c e p t i b l e  
t o  shock and v i b r a t i o n .  S m a l l e r  tuning forks  f o r  modulation of i n d i v i d u a l  de- 
t e c t o r s  may b e  compatible wi th  the  shock and a c c e l e r a t i o n  environment and may 
provide redundancy, bu t  an o p t i c a l  lens system would b e  required t o  concent ra te  
the  i n c i d e n t  r a d i a t i o n  i n t o  a configurat ion t h a t  can b e  modulated with much 
s h o r t e r  t i n e  motion. 
w a t t .  
most compact, l igh tweight ,  environmentally acceptable ,  l i g h t  modulator f o r  several 
channels could be achieved by using a motor and d i s k  arrangement. 

This tuning fork ,  w i t h  i t s  

The power required f o r  t h e  118-cycle fork  w a s  about 0.25 
Mul t ip le  forks  would r e q u i r e  a d d i t i o n a l  power. It w a s  concluded t h a t  t h e  

6.6 ATTACHMENT TO VEHICLE 

The major concern i n  t h e  mounting of t h e  radiometer onto t h e  Prober Vehicle 
is  t o  provide both the  mechanical means of f a s t e n i n g  t h e  instrument t o  t h e  
s t r u c t u r e  and a seal t o  p r o t e c t  both the  v e h i c l e  and the  radiometer i n  case 
t h e  vehic le  window should break. 
t o  be an i n t e g r a l  p a r t  of the  vehicle  window mounting wi th  e i t h e r  a f lange  o r  
th read .  

Basical ly  t h e  radiometer ou ter  can is  made 
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6.7 CIRCUIT DESCRIPTION 

6.7.1 Sensor P reampl i f i e r  and Synchronous Demodulator 

The SD-100 photodiode is  being operated i n  the  c u r r e n t  mode, f o r  reasons 
discussed i n  Sec t ion  6.1. 
an i n v e r t i n g  low-pass ampl i f i e r .  
f o r  t he  photodiode are set  by the  o f f s e t  adjustments i n  t h e  p reampl i f i e r  
and R . The Al a m p l i f i e r  is  an i n t e g r a t e d  c i r c u i t  a m p l i f i e r  i n  a TO-8 
t r a n s l s t o r  can. 
high inpu t  impedance and very low o f f s e t  c u r r e n t s .  
e f f e c t i v e  ope ra t iona l  a m p l i f i e r  f o r  t h e  sensor  c u r r e n t  source.  

The p reampl i f i e r  AI i n  Figure 37 is connected as 
The i n i t i a l  b i a s  cond i t ions  of V, and I, 

The i n p u t  s t a g e s  uses f i e l d  e f f e c t  t r a n s i s t o r s  providing 
This provides  an 

The feedback r e s i s t o r  R1 provides an e f f e c t i v e  v o l t a g e  ga in  of approximately 
uni ty .  However, t he  c u r r e n t  ga in  is i n  excess of 60 db. The c a p a c i t o r  C1 
provides high frequency r o l l  o f f  while  C5 and c6 provide f o r  a m p l i f i e r  
s t a b i l i z a t i o n .  
synchronous demodulator made up of t h e  complementary f i e l d  e f f e c t  t r a n s i s t o r s  
Q1 and Q2 and the  i n t e g r a t e d  c i r c u i t  ou tpu t  a m p l i f i e r  A * .  
from A1 is  brought ou t  of t h e  instrument  as a test p o i n t ) .  
as follows: t r a n s i s t o r s  Q1 and Q2 a c t  as series switches.  
r e s i s t a n c e  range from t h e i r  on-to-off states. 
(upper) i npu t  of A 2 ,  (Qloutput)  i t  w i l l  be noted t h a t  when Q1 is  con- 
ducting, (and Q2 is n o t ) ,  t h e  ga in  of A2 is 

Capaci tor  C2 couples t h i s  s i g n a l  t o  t h e  series f u l l  wave 

(The a.c. s i g n a l  
The ope ra t ion  is 

They have a 60 db 
Considering t h e  i n v e r t i n g  

(6-11) 
R1O 

R5 
‘in Eout = -- 

When Q1 is no t  conducting, 0 2  is. I n  t h i s  state,  t h e  e f f e c t i v e  g a i n  is 

R1O (6-12) 
‘in Eout = + - 

R5 

The f i n a l  r e s u l t  is  a f u l l  wave r e c t i f i c a t i o n  a t  t h e  ou tpu t  of A2 . 
s i s t o r s  R 6  through 9 are used f o r  i n i t i a l  balanced adjustment.  The 
capac i to r  C 4  provides  f o r  t h e  low frequency cu to f f  which i s  set f o r  dc  to 
20 cps.  
necessary i f  t he  demodulator s p i k e s  a f f e c t  t h e  accuracy of t h e  system. 
however, would r e q u i r e  a d d i t i o n a l  power. 

Resis tors  R3 , R4 and diodes D4 and D5 provide proper  switch b i a s  p o l a r i t y .  
The packaged u n i t  i s  shown i n  Figure 38. 

The system output  would then b e  app l i ed  t o  a l o g a r i t h i m i c  a m p l i f i e r  t o  
feed the  te lemetry.  

Re- 

An a c t i v e  f i l t e r  such as a t h i r d  o rde r  Butterworth type may b e  
This 

6.7.2 Phase Detector 

The funct ion of t he  phase d e t e c t o r  is t o  a c c u r a t e l y  sense  t h e  frequency 
and phase of t he  radiometer chopper wheel and provide a square wave 
connnutating s i g n a l  t o  the  demodulator. 

The c i r c u i t  i n  Figure 37 c o n s i s t s  of a l i g h t  sou rce ,  a l i g h t  sensor  and 
preamplifier, and a squaring a m p l i f i e r .  
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The l i g h t  source (L1) i s  a ga l l ium arsenide  lamp mounted i n  f r o n t  of t h e  
chopper wheel. The d e t e c t o r  (D ) 
modulated l i g h t  from D3 and ampl i f i e s  t he  r e s u l t a n t  s i n u s o i d a l  s i g n a l  to a 
l a r g e  peak t o  peak value.  
R14, R15 and ampl i f ie r  A4. 
by the input  from A3 and hence i t s  output  i s  a square wave d i r e c t l y  i n  phase 
with t h e  chopped l i g h t  from L1. Because t h e  open loop ga in  of a m p l i f i e r  ,4* 
is high,  s m a l l  v o l t a g e  excursions (2 100 microvol ts)  w i l l  completely d r i v e  
the  ampl i f ie r  i n t o  maximum output  of & 12 v o l t s .  
provide o f f s e t  adjustment f o r  t h e  a m p l i f i e r .  

I u s  i ts  preampl i f ie r  A3 senses  t h e  3 .  ! 
The squaring a m p l i f i e r  is made up of r e s i s t o r s  
This a m p l i f i e r  i s  dr iven  t o  symmetrical s a t u r a t i o n  

R e s i s t o r s  R14 and Rlg 
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7.0 CALIBRATION AND BACKGROUND SIGNALS 

7 . 1  RADIOMETER CALIBRATION 

The c a l i b r a t i o n  tests on t h i s  radiometer design w a s  run us ing  a c a l i b r a t i o n  
I m p  which hac "Ct hp_p_c certified; cogseq12entlgi the rf31_llts are nnly arrljratP 
t o  t h e  degree t h a t  t h e  lamp meets t h e  published s p e c i f i c a t i o n s .  The measure- 
ments w e r e  made using t h e  photodiode preampl i f ie r  followed by t h e  synchronous 
d e t e c t o r .  

The instrument  channel response was measured as shown i n  Figure 39. The r a d i a t i o n  
w a s  obtained from an NBS s tandard lamp (G.E. 30A/T24/17, f i lament  s i z e  was 3 x 15  
mm). A hard c o a t  
f i l t e r  with a c e n t e r  wavelength of 5155 A, peak t ransmission of 0.18, a 7 A ha l f  
width and wing blocking of lo5  provided t h e  requi red  s p e c t r a l  bandpass f o r  t h e  
c2 Swan band. 
preampl i f ie r  w a s  a f i e l d - e f f e c t  in tegra ted  P h i l b r i c k  Type 6528.2. 

The lamp f i lament  w a s  30 c m  from t h e  p lane  of t h e  d e t e c t o r .  

Cal ibra ted  screen  f i l t e r s  were used t o  check l i n e a r i t y .  The 

The tungs ten  I m p  w a s  rcn a t  both 35 2nd 25 amps (ms) f o r  two s e p a r a t e  c a l i -  
b r a t i o n s .  A b a f f l e  w a s  placed i n  f r o n t  of t h e  lamp quar tz  window t o  l i m i t  t h e  
l i g h t  p ipe  e f f e c t  of t h e  c y l i n d r i c a l  s i d e s  of t h e  lamp. 
radiometer was  such t h a t  t h e  a x i s  of the channel being c a l i b r a t e d  w a s  through 
t h e  c e n t e r  of t h e  lamp f i lament .  The c a l i b r a t e d  metal screens  were used t o  check 
l i n e a r i t y  between t h e  35 and 25 ampere lamp s e t t i n g s  and c a l i b r a t i o n  curves.  
The f i e l d  of view was f ixed  a t  18" using a 2 c m  diameter a p e r t u r e  placed i n  f r o n t  
of t h e  radiometer.  
output  read on a d.c. meter. The a.c. frcm t h e  preampl i f ie r  w a s  a l s o  measured 
t o  determine t h e  a c t u a l  photodiode cur ren t .  

The pos i t ion ing  of t h e  

The radiometer was operated a s  descr ibed previously with t h e  

The lamp w a s  operated a t  both 35 amperes and 25 amperes providing s p e c t r a l  
rad iance  as shown i n  Figure 40. 
and 0 . 1  w a t t s / c m *  p ster respec t ive ly .  
from t h e  d e t e c t o r ,  a c u r r e n t  reading from t h e  d e t e c t o r  of 1.3 x 
was obtained.  This  w a s  9.54 db above t h e  noise .  Since I = B K AD , and s i n c e  
t h e  c a l i b r a t i o n  lamp subtended less than t h e  18" f i e l d  of view, simply mul t ip ly ing  
t h e  lamp rad iance  by t h e  r a t i o  of t h e  lamp f i lament  area t o  t h e  a r e a  of an ex- 
tended source,  f i l l i n g  t h e  18" at  t h e  same lamp t o  d e t e c t o r  d i s t a n c e ,  g ives  t h e  
extended source c a l i b r a t i o n  

A t  5155 A, t h e s e  c u r r e n t  s e t t i n g s  provide 3.0 
With t h e  lamp a t  25 amperes and 30 c m  

amperes 

2 
AL = Lamp area = 0.3 x 1.5 = 0.45 cm 

As = 18" subtended area at  30 cm = (30 t a n  = 70.6 cm2 

2 p ster and hence f o r  2 n s t e r  i s  Lamp radiance as s t a t e d  above was  O . l w a t t / c m  
0.63 w a t t / c m 2  p 2 n  ster. 

Our extended source rad iance  f o r  9.54 db SIN r a t i o  is then 

B = 0.63 x - = 4.01 x watts/cm2 p 2n ster . 0.45 

70.6 
watts 

For 50 A bandwidth, B = 2.00 x 

low t h e  expected r a d i a t i o n  a s  was shown i n  F igure  6. 

. This va lue  i s  w e l l  oe- 
cm2 2 n ster (50 A ) 
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7 . 2  THE SUN AS A RADIOMETER CALIBRATION SOURCE 

There a r e  seve ra l  prime ques t ions  one must answer t o  determine t h e  f e a s i b i l i t y  
of radiometer c a l i b r a t i o n  us ing  t h e  sun: 1)  i s  t h e  s o l a r  i r r a d i a n c e  known?, 
2 )  i s  t h e  s i g n a l  l e v e l  adequate i n  t h e  appropr i a t e  s p e c t r a l  bands?, 3 )  does t h e  
instrument geometry lend i t s e l f  t o  accu ra t e  c a l i b r a t i o n  using r a d i a t i o n  from 
t h e  sun? ,  and 4) t o  what accuracy must t h e  c a l i b r a t i o n  be  made? 

7 . 2 . 1  S o l a r  I r r ad iance  

To d a t e ,  no work has been done t o  measure s o l a r  r a d i a n t  f l u x  ou t s ide  t h e  Ear th  
atmosphere except rocke t  soundings i n  t h e  UV.19919*1 Recently a t  NASA Goddard, 
C .  Duncan has  proposed a s a t e l l i t e  measurement of s o l a r  i r r ad iance .  This  ex- 
periment has  no t  y e t  been approved. 
c i e s  due t o  the  uncer ta in  co r rec t ions  made t o  through-the atmosphere measure- 
ments. Stair  and J o h n ~ t o n , ~ ~ . ~  i n  1956, published r e s u l t s  which r ep resen t  t h e  
newest a v a i l a b l e  d a t a  a t  t h e  wavelengths app l i cab le  t o  t h i s  s tudy .  From 1940, 
when Moon20 published h i s  a n a l y s i s  of t h e  d a t a  of t h e  Smithsonian I n s t i t u t e ,  
u n t i l  S t a i r  and Johnston's r e s u l t s  i n  1956, t h e  va lue  of t h e  s o l a r  cons tan t  has  
r i s e n  from 1.896 t o  2.05 cal/cm2/min. 
which has taken  p lace .  

Avai lab le  d a t a  d i sp l ay  l a r g e  discrepan- 

Table I V  l i s t s  t h e  chronologica l  change 

TABLE I V  

VALUE OF SOLAR CONSTANT 

Author 

Moon, P .  

Aldr ich ,  L . B . ,  and Hoover, W 

Johnson, F. S .  22 

Allen C .  W.23 

H . 2 1  

S t a i r ,  R . ,  and Johnson, R. G . l g e 2  

Date 

1940 

1952 

1954 

1955 

1956 

Solar  Constant 

1.896 cal/cm2-min 

1.934 

2.00 

1.97 

2.05 

An exce l l en t  review i s  given i n  a paper by Thekackara of NASA Goddard Space 
F l i g h t  Center.24 
does the re  e x i s t  a l a r g e  unce r t a in ty  i n  t h e  s o l a r  cons t an t ,  bu t  t h e r e  are 
a l s o  many anomalies i n  t h e  s p e c t r a l  d i s t r i b u t i o n  over t h e  r a n  e of t h e  
Prober Radiometer. A curve of t h e  more r e c e n t  s p e c t r a l  data18,25,26 i s  
reproduced i n  F igure  41 t o  show t h e  u n c e r t a i n t i e s .  

I n  t h i s  paper ,  i t  becomes q u i t e  apparent  t h a t  no t  on ly  

7 . 2 . 2  Instrument Response 

Since the sun  subtends approximately 0 . 3  degree  a t  Mars, one can c a l c u l a t e  
t h e  output of t h e  radiometer by assuming co l l ima ted  r a d i a t i o n .  I n  t h e  
4000 t o  5000 A range, t h e  s p e c t r a l  i r r a d i a n c e  i s  about 2 0 c . H e n c e  f o r  

a 50 A bandpass and a d e t e c t o r  a r e a  of 0.073 c m 2  (SD-loo), t h e  d e t e c t o r  
2 cm A 
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r ece ives  73 p w a t t s .  

wi th  a f i l t e r  t ransmission of about 0.5,  one ob ta ins  5.5 pL4. 
above the instrument threshold of 10-9 amps. 

The d e t e c t o r  r e spons iv i ty  is 0.15 & a t  5000 A and 
P W  

This i s  w e l l  

7.2.3 Instrument Geometry 

For the  instrument design s e l e c t e d ,  t he  c e n t e r l i n e  of each channel l i e s  on 
a 20" half  angle  and hence r equ i r e s  a means of d i r e c t i n g  the  sun ' s  r a d i a t i o n  
t o  each de tec tor .  
would have t o  be removed a f t e r  c a l i b r a t i o n .  

Perhaps one could use a d i f f u s i n g  d i s c  o r  prism which 

7 . 2 . 4  Conclusion 

Based on the  e r r o r  a n a l y s i s  presented i n  Appendix B i nd iv idua l  channel 
c a l i b r a t i o n s  t o  accu rac i e s  of 10 percent  and channel-to-channel r a t i o s  t o  
5 percent  a r e  required t o  achieve CO2 concentrat ion accu rac i e s  of t h e  
o rde r  of 5 pe rcen t .  
are made, t h e  use of t h e  sun f o r  abso lu t e  i n t e n s i t y  ca l . i b ra t ion  t o  
accuracies  of t h e  order  of 10 percent  o r  b e t t e r  does not appear t o  be , 
f e a s i b l e .  
t h e r e  i s  s p e c i f i c  f i n e  s t r u c t u r e  a t  t h e  s e l e c t e d  radiometer wavelengths. 

U n t i l  in-space measurements of s p e c t r a l  i r r a d i a n c e  

Wavelength c a l i b r a t i o n  a l s o  appears t o  be u n l i k e l y  un le s s  

7.3 REFLECTED SOLAR RADIATION FROM MARS 

Reflected sun l igh t  from Mars may provide a background r a d i a t i o n  which, f o r  some 
e n t r y  condi t ions ,  w i l l  in t roduce e r r o r s  i n  the  measurement of t h e  bow shock 
r ad ia t ion .  The radiometer w i l l  be ac tua t ed  p r i o r  t o  e n t r y  ( a l t i t u d e s  g r e a t e r  
than 300,000 feet)  t o  ob ta in  background lioise l e v e l s ,  f i n a l  c a l i b r a t i o n s  and 
s t a b l e  operation. The measurement w i l l  p e r s i s t  down t o  an a l t i t u d e  corresponding 
t o  a v e l o c i t y  of about 15,000 f t l s e c  which i s  of t h e  o rde r  of 70,000 f e e t  f o r  
v e r t i c a l  en t ry .  To estimate the  e f f e c t  of s o l a r  r e f l e c t e d  r a d i a t i o n ,  assume 
the  following condi t ions:  

Mars radius = 3380 km 

Vehicle a l t i t u d e  = 23 km (75,000 f e e t )  

Vehicle approaches s u n l i t  s i d e  p a r a l l e l  t o  r ays  from sun along a v e r t i c a l  
t r a j e c t o r y  a t  an angle  of a t t a c k  such t h a t  one channel c e n t e r l i n e  is  v e r t i c a l .  

A t  t h e  assumed a l t i t u d e ,  t he  Mars p l a n e t  would subtend about 83.3 degrees h a l f  
angle .  The present radiometer design has t h e  fou r  channels looking out  i n  a 
con ica l  a r r ay  s o  t h a t  t he  outermost r ays  e n t e r i n g  t h e  d i agona l ly  oppos i t e  channels 
w i l l  i nc lude  a ha l f  angle  of 29 degrees.  (This i s  shown i n  Figure 42). Hence, 
f o r  t h e  assumed v e r t i c a l  t r a j e c t o r y ,  t h e  e n t i r e  f i e l d  of view of t h e  radiometer 
channels w i l l  be f i l l e d .  The albedo of Mars has  been ubl ished i n  a JPL r e p o r t  
by Loomis27 based on d a t a  from Harris28 and Dollfus29,30 and is reproduced i n  
Figure 43. It can b e  seen t h a t ,  a t  5000 A (nea r  t he  C2 swan band),  t h e  albedo 
from the  b r igh t  a r e a s  is about 0 .12.  A t  t h e  s u r f a c e  of Mars, the  maximum r a d i a n t  
f l u x  from t h e  sun is 0.5 t h a t  of Earth.31 I f  one then r e f e r s  t o  Thekachara,32 
i n  h i s  p l o t  of s o l a r  s p e c t r a l  r a d i a n t  f l u x ,  (Figure 2 of r e fe rence  32) a t  5000 A ,  
one ob ta ins  a f l u x  of about 2 . 4  w a t t s  p e r  square meter pe r  mi l l imic ron  a t  Earth 
and hence 1 . 2  a t  Mars. For the  assumed geometry, i t  is  reasonahle  t o  consider  
Mars as a f l a t  s u r f a c e  r e - r ad ia t ing  according t o  Lamberts Law. However, s i n c e  
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w e  have assumed a geometry which w i l l  produce maximum output ,  and the  half-look 
angle  of the  instrument channel is  only 9 " ,  w e  can n e g l e c t  t h e  cosine f a l l o f f .  

Hs Pm 
The radiance of the Martian d i s c  can be w r i t t e n  a s  N - where N is the  

n 

radiance i n  w a t t s / m e t e r 2  s ter,  Hs is the s o l a r  i r r a d i a n c e  i n  wat ts /meter2,  and pm 
is  t h e  albedo of Mars. With an albedo of 0.12 a t  5000 A ,  t h i s  represents  a 
source  of 0.045 watts/mZmp ster being re-radiated.  
system, t h e  r e s u l t a n t  f l u x  is  then 0.23 
This estimate is based on t h e  maximum value of Mars-Earth s o l a r  f r a c t i o n  and 
n e g l e c t s  l a t i t u d e ,  longi tude and t i m e  of Martian day. 
g iv ing  maximum radiometer response. 
above ca lcu la ted  value. 

For a 50 A (5mp ) bandpass 
watt/rn&ter o r  2.3 x 10-5 w a t t s / c m 2 s t e r .  

W e  have assumed a geometry 
The a c t u a l  background w i l l  be  less than the  

Referr ing back t o  Figure 6 ,  t h e  minimum (i.e.,  l o 3  less than t h e  maximum expected) 
r a d i a t i o n  inc ident  on t h e  window from the  C2 swan band f o r  an e n t r y  a t  22,000 
f t / s e c  and f o r  50 A bandpass is of t h e  order  of 10-5 watts/cm2 (50 A ) .  
Figure 6 is  shown t h e  maximum p o s s i b l e  Martian background cor rec ted  t o  2 n  s t e r a d i a n s  
This  comparison i s  made s i n c e  t h e  e n t i r e  f i e l d  of view i s  f i l l e d  i n  both t h e  
background and t h e  a c t u a l  measurement. Based on our severe assumptions, i t  
appears  t h a t  t h e  background could b e  of t h e  same order  as t h e  minimum C2 swan 
r a d i a t i o n .  For lower v e l o c i t y  e n t r i e s ,  t h e  background may be q u i t e  s e r i o u s  due 
t o  t h e  reduced shock l a y e r  r a d i a t i o n .  Var ia t ions  due t o  v e h i c l e  sp in ,  l a t i t u d e ,  
longi tude  and t i m e  of day may make accura te  measurements impossible.  
measurements a t  o t h e r  wavelengths, t h e  s o l a r  r a d i a t i o n  w i l l  be  less, dropping 
r a p i d l y  as one goes t o  t h e  b lue  and s l i g h t l y  less r a p i d l y  a s  one goes t o  t h e  
red.  The albedo, a s  shown i n  Figure 43, increases  toward t h e  red.  I f  t h e  des i red  
band r a d i a t e s  a t  a much lower power, the tackground c o r r e c t i o n  may be important.  
F i n a l  assessment of t h e  background cont r ibu t ion  can only be accomplished a f t e r  
a l l  of t h e  aforementioned parameters a re  def ined.  

Also i n  

For 
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8.0 CONCLUSIONS AND RECOMMENDATIONS 

This  f e a s i b i l i t y  s tudy has shown t h a t  a m u l t i p l e  channel radiometer using i n t e r -  
fe rence  f i l t e r s  and an o p t i c a l  chopping device can be b u i l t  t o  monitor r a d i a t i o n  
i n  t h e  wavelength reg ion  above 3000 A, which meets t h e  s i z e ,  weight,  and power 
requirements €or a p l a n e t a r y  probe vehic le .  Optical  interference fi lters s . ~ i t f !  
s p e c t r a l  bandpass of order  30 A a r e  a v a i l a b l e  f o r  t h i s  s p e c t r a l  region with 
good r e j e c t i o n  over four  decades of response. These f i l t e r s  may b e  obtained 
wi th  hard coa t ings  such t h a t  s t e r i l i z a t i o n  can be accomplished without  impairing 
t h e  opera t ing  parameters of t h e  f i l t e r .  A d i s p e r s i v e  o p t i c a l  s y s t e m  can b e  b u i l t  
f o r  monitoring r a d i a t i o n  i n  t h e  near  u l t r a v i o l e t  around 2500 A. It h a s  not been 
demonstrated, however, t h a t  a s u f f i c i e n t l y  narrow s p e c t r a l  baudpass and s c a t t e r e d  
l i g h t  r e j e c t i o n  can be obtained i n  a miniature instrument t o  monitor atomic l i n e  
r a d i a t i o n  (bandwidth - 0 . 1  A) a g a i n s t  s t rong  background r a d i a t i o n .  Such an in- 
strument r e q u i r e s  t h a t  many p r e c i s e l y  al igned components remain f i x e d  during a l l  
of t h e  environmental and o p e r a t i o n a l  condi t ions.  This would r e q u i r e  s u b s t a n t i a l  
i n c r e a s e  i n  weight over t h e  simple radiometer shown during t h i s  s tudy.  

S i l i c o n  photodiode sensors  for t h e  present  radiometer design are a v a i l a b l e  wi th  
adequate s e n s i t i v i t y ,  s p e c t r a l  response, response time and d e t e c t i v i t y  charac- 
teristics. Addit ional  development is under way by t h e  manufacturer t o  devise  
e l e c t r o d e  contac t  methods which w i l l  survive t h e  s t e r i l i z a t i o n  environment of 
t h e  instrument.  Such methods are a v a i l a b l e  on later d e t e c t o r s  of t h e  SD 100 
series used i n  t h e  present  u n i t .  

The weight of t h e  radiometer designed t o  monitor f o u r  channels of r a d i a t i o n  
inc luding  t h e  necessary e l e c t r o n i c s  t o  produce analog s i g n a l s  i n  t h e  range from 
0 t o  5 v o l t s  is expected t o  be one pound. The power requi red  by t h e  instrument 
during opera t ion  w i l l  be  about 5 w a t t s .  
a c y l i n d e r  2-112 inches diameter by 2 inches long. 

This  s tudy has demonstrated t h e  f e a s i b i l i t y  of a radiometer design. A brassboard 

d i c a t e s  t h a t  a c t u a l  c i r c u i t s ,  motors,  chopper wheels and o t h e r  components have 
been used. The primary changes required t o  develop a prototype u n j t  w i l l  b e  
t h a t  of s e l e c t i n g  space-qual i f ied components, optimizing weight and s t r e n g t h  of 
t h e  system, providing vacuum seals, s e l e c t i n g  form f a c t o r s  f o r  e l e c t r o n i c  com- 
ponents ,  providing means of c a l i b r a t i o n ,  etc. 

The radiometer w i l l  b e  packaged i n t o  

- model c o n s i s t i n g  of two channels has  been b u i l t .  The term brrzsboard h e r e  in-  

The next  s t e p  i n  t h e  instrument development is t h a t  of br inging  t h e  present  
des ign  t o  a prototype s tage .  D e t a i l e d  s t u d i e s  of t h e  pro to type  must then b e  
made t o  determine t h e  opera t ing  s t a b i l i t y ,  c a l i b r a t i o n ,  c a l i b , r a t i o n  under "g" 
loading ,  l i f e  and r e l i a b i l i t y  tests, etc. The prototype should a l s o  be subjected 
t o  t h e  complete environmental tests and i t s  opera t ion  demonstrated a f t e r  or 
dur ing  t h e s e  condi t ions .  F i n a l l y ,  i t  is recommended t h a t  s t r o n g  cons idera t ion  be 
given t o  a means of providing absolu te  c a l i b r a t i o n  of t h e  instrument i n  f l i g h t  
as w e l l  as spectral  c a l i b r a t i o n  e i t h e r  during f l i g h t  o r  j u s t  p r i o r  t o  launch. 
On board s i g n a l  processing of t h e  output from t h e  instrument r e q u i r e s  a d d i t i o n a l  
s tudy  t o  a s s u r e  adequate s t o r a g e  and r e t r i e v a l  of t h e  d a t a .  
and r a t i o i n g  of r a d i a t i o n  from two channels may b e s t  be done i n  t h e  e l e c t r o n i c  

P o s s i b l e  d i f f e r e n c i n g  
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system of the instrument rather than in an external data processing package. 
The demonstration of the operation of this unit in an earth entry test is 
clearly a desirable development goal in preparation for a planetary experiment. 

8 
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APPENDIX A 

PROBER INTENSITY COMPUTATIONS 

A c e r t a i n  amount of unce r t a in ty  has ex i s t ed  wi th  regard t o  t h e  ques t ion  of c o w  

r a d i a t i o n  l e v e l  from t h e  shocked gas .  I n  p a r t i c u l a r ,  i t  is necessary t o  be a b l e  
t o  make v a l i d  comparisons of t h e  computations c a r r i e d  out  a t  Ames Research 
Center and those obtained f r m  Avco Program 1637. 
presented i n  o rde r  t o  e s t a b l i s h  a common understanding of t he  d e t a i l s  involved 
i n  t h i s  problem. 

n..t;nn +ha ;,,ta..-4+.. - - l ln. .+-d %.-- cL1 nanoun Z - - L  I.--- L - L : - -  --.--- 
yu-L..6 -.I- ALILLIIa-LCJ LVIICC.L=U Y J  L1.S sIwuun U ~ L L U U I C L A L Q L ~ V ~ I  g i v r u  the i n t r i n s i c  

The fol lowing a n a l y s i s  is 

L e t  i A  b e  t h e  i s o t r o p i c ,  s p e c t r a l  r a d i a t i o n  pe r  u n i t  volume of gas ,  i n  u n i t s  of 
watts/cm3-micron, which r a d i a t e s  i n t o  477 s t e r a d i a n s .  This is the  quan t i ty  com- 
puted and graphed by Ames and l abe led  "watts/cm3-micron-4n s t e r a d i a n s  ." 
L e t  

b e  t h e  s p e c t r a l  r a d i a t i o n  per  u n i t  volume of gas i n t o  a s o l i d  angle  0. 
t h a t  t h e  i n t e g r a l  of eA over 417 s o l i d  angle  is just iA , t he  t o t a l  r ad ia t ion .  

Consider t h e  geometry f o r  an i n f i n i t e  l a y e r  of uniform, o p t i c a l l y  t h i n  gas of 
t h i ckness  A adjacent  t o  a boundary B. 

Note 

4 

The r a d i a t i o n  from an incremental  volume dV .of t he  gas onto an a rea  A of t h e  
boundary is contained i n  a s o l i d  angle  R. 
t h e  a r e a  A i s  EA and is given by 

The t o t a l  s p e c t r a l  energy i n c i d e n t  on 

where the  i n t e g r a l  is over a l l  of t h e  ( i n f i n i t e )  volume of gas. 
f i n i t i o n  above f o r  eA, and the  expressions f o r  

Using t h e  de- 
and dV as given i n  t h e  f i g u r e ;  

277 n/2 Asec 0 

= i . 1  I I (-) p 2  s i n 8  d$ dB d p  , 
$ = o  e = o  p = o  
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where the  i n t e g r a t i o n  l i m i t s  on p are those necessary t o  i n t e g r a t e  over a s l a b  of 
thickness  A i n  s p h e r i c a l  coordinates .  The i n t e g r a t i o n  over 4 gives 277, and the  
i n t e g r a t i o n  over p gives  

n/ 2 
ix A 

[ A s e c  0 -  03 COS 0 s i n  0 d e ,  EA = - 
2 I., 

s i n  8 d e .  
2 

The value of the l as t  i n t e g r a l  is un i ty ,  and 

ix A 
watts/cm* - micron . EA 

- = -  
A 2 

This l a t t e r  expression is t h a t  f o r  t he  t o t a l  s p e c t r a l  r a d i a t i o n  pe r  u n i t  a r e a  
i n c i d e n t  on the boundary due t o  a l l  of t h e  r a d i a t i n g  gas i n  the  i n f i n i t e  s l a b .  
This must be the value computed by Avco Program 1637, s i n c e  i t  w a s  designed t o  
compute t h e  rad ian t  energy inc iden t  on a bounding s u r f a c e  (hea t  s h i e l d )  from a 
shock l a y e r  f o r  hea t  t r a n s f e r  purposes. Note t h a t  t he  t o t a l  r a d i a t i o n  onto an 
area (of t he  bounding su r face )  with r ec t angu la r  dimensions X and Y l a r g e  compared 
t o  A i s  j u s t  

i h  V 
-- - i x A X Y  

- E x  = 
2 2 

and i s  j u s t  one-half t he  t o t a l  r a d i a t i o n  from t h e  t o t a l  volume of gas d i r e c t l y  
adjacent  t o  t h e  su r f ace ,  as is c o r r e c t .  

The r a d i a t i o n  Ex i nc iden t  on an area A of t h e  s u r f a c e  does n o t  have a cos0 d i s -  
t r i b u t i o n .  The length of t he  column of gas r a d i a t i n g  t o  t h e  s u r f a c e  wi th  a common 
angle  of a r r i v a l  is  A sec e ,  and t h e  p ro jec t ed  area of A normal t o  t h a t  d i r e c t i o n  
i s  A cos 0 .  Thus the  inc iden t  r a d i a t i o n  is independent of angle  over t h e  hemi- 
sphere which r a d i a t e s  onto A .  The r a d i a t i o n  p e r  u n i t  s o l i d  angle  i n c i d e n t  on A 
i s  then given simply by 

i h  A 

2 n  4 n  
watts/cm2 - micron - steradian. 

It follows tha t  the  r a d i a t i o n  i n t o  an instrument  of a p e r t u r e  A which accep t s  a 
s o l i d  angle  0 i s  given by 

($) R A  watts/rnicron. 
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This confirms t h e  computation procedure descr ibed by W. Page of Ames i n  a tele- 
phone conversat ion wi th  Tunis Wentink on 10 January 1966. That is, they d i v i d e  
t h e i r  i A  value by 4 n  , and mult iply by t h e  product of t h e  shock s t a n d o f f h ,  the  
a p e r t u r e  A and t h e  s o l i d  angle  Q .  

From the  above a n a l y s i s ,  comparison between Ames iA and Avco’s Program 1637 
p r i n t o u t  is as follows: 

Ames: i A  w/cm3 - p - “4n sterad” , 

i A  A 

2 
AVCO: - w/cm2 - /I 

( a f t e r  convert ing wavelength from cent imeters  t o  microns by mul t ip ly ing  t h e i r  
w a t t s / c m 3  value by 
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* 1.0 SUMMARY 

This note reports the methods and results of an error or sensitivity analysis of 
the PROBER (Planetary Research by OBservation of Entry Radiation) experiment. 
This analysis is based on calculations of equilibrium radiation from the shock 
heated Martian atmosphere at the stagnation region of a spherical entry vehicle. 
It considers the accuracy with which CO2 and argon concentrations can theoretically 
be determined, and provides a basis for planning the shock tube measurements 
designed to investigate the feasibility of the concept. 
21-1 ir?dependent ~ e t h o d  
for peak radiation, has been given in References 3 and 4 .  

It should be noted that 
sf analyzing tFle data, w F ~ i & i  makes use or' the veiocity 

In the first part, the error or C02 concentraticn due to errors in intensity and 
intensity ratios of several optical bands is investigated. The results* are that 
the CN-V/Nz+ and N2+/C2-Swan intensity ratios provide the most accurate measure 
of C02 over the entire composition range. In the second part, the error in C02 
due to systematic and correlated errors in density and velocity, from the accel- 
erometer measurements, is examined. Again, the same intensity ratios are found 
to provide the most accurate measures of CO2. 

These general results are reduced to a specific example by assignment of errors 
in intensity of 10 percent, in intensity ratios of 5 percent, and in density of 
2 percent. The resulting petce2tage errors iR CO2 ccncentration reach a inaximum 
of 7.5 percent at 10 percent C02 (0.75 percent absolute concentration error). 
is concluded that multiple measures of CO2 with several optical bands at several 
points in the entry trajectory can reduce the percentage error in C02 concentration 
to well under 5 percent for all compositions. 

It 

In the last part of this note, an investigation is made of the possibility of 
detecting the presence of argon in the Martian atmosphere through redundant 
measures of C02 using two or more optical bands. 
results, a numerical example is carried out for the CN-V and N2+ bands assuming 
5 percent C02 and 10 percent argon. 
percent relative accuracy in the argon concentration (16 percent absolute) and 
indicate that the argon detection appears quite feasible. 

2.0 PROBER ERROR ANALYSIS 

Using the general analytical 

The results for this case indicated a 16 

The prober experiment consists of a set of measurements of the band intensities 
I, of the optical radiation from the shock heated Martian atmosphere. 
time of any one measurement, each intensity may be considered as a function 

At the 

where p is the ambient density, vthe velocity of the vehicle, and ni the volume 
fraction of each molecular constituent of the original gas. where 

These molecular constituents are taken here to be C02, N2 and A, and the atomic 
constituents are therefore uniquely defined for the shocked gas. (If the entry 
vehicle executes angle-of-attack oscillations during entry, the above expression 
would also be dependent on the angle between the stagnation point and the 

* This error analysis was performed prior to the experimental shock tube investigation reported in Volume I of this study. 
T h e s e  experiments indicate that the N + radiation cannot be measured because of background radiation from other 
s p e c i e s  which overlaps the wavelengtl? interval of this band; consequently, these conclusions drawn from the equilibrium 
calculations can be used only a s  an example of one method of designing the atmosphere composition analysis  experiment. 
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radiometer location, and the analysis would be considerably more complicated. 
In that case a somewhat preferable approach would be to measure the shocked gas 
pressure at the radiometer and to consider I, as a function of the shock con- 
ditions, with the temperature obtained from the radiometer measurenents themselves.) 

From the accelerometer measurements we obtain p and V , with errors which are 
probably systematic and therefore strongly correlated. Our task is to determine 
the constituents ni from relations of the type 

where either one or more of the I, may be used to determine a particular consti- 
tuent. If the density p is sufficiently small, as may be true for Mars, the 
intensities I, may include a large proportion of nonequilibrium radiation. In 
this case calculational procedures are not presently available and shock tube 
data will have to be obtained to determine empirically the functional form of Iu . 
Neglecting for the present analysis these nonequilibrium considerations, we 
consider the problem of a sensitivity and error analysis of equilibrium radiation 
measurements to determine the n i  . 
that no simple function relates I, to p ,Vand ni . Instead, a computer analysis 
is required which calculates the thermodynamic conditions behind the shock front, 
and then performs an equilibrium radiation calculation to determine the intensity 
contributed from all species at each wavelength. Thus, we can only perform a 
sensitivity analysis by making small changes of the input variables, Ap, AVand 
Ani  relative to some nominal case, and determining the resulting changes A I u .  
The desired relationships, 

The first problem then arises from the fact 

may then be inferred by reasoning in the reverse direction. Obviously, for the 
case of nonequilibrium radiation, the same procedure must be followed, except 
that the computer calculations of the intensities will be replaced by empirical 
shock tube measurements of the combined equilibrium and nonequilibrium radiation, 
and the reverse reasoning process will proceed as used here. Due to this sim- 
ilarity of procedure, the rather extensive error analysis carried out here 
neglecting nonequilibrium conditions will bc valuable as a guide to carrying out 
the shock tube studies. 

I 

Since the ni  are determined by measurements of 
with errors in each of these variables. We treat in the next section the errors 
in measurements of the intensities I, in determining the C02/N2 ratio, and later 
consider errors in p and V and determination of the argon concentration. 

p , v and the I u ,  we are concerned 

1. Intensity Errors 

The present error analysis is based on two nominal cases. The first is the 
point of peak radiation which occurs during a trajectory in the Model 1 
atmosphere* defined by 

* 
Levin, George M.,Dallas E .  Evans, and Victor Stevens NASA TN D-2525 NASA Engineering Models of the Mars Atmosphere 
for Entry Vehicle Desigii (November 1964). 
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c 

VE = 22,000 ft/sec; YE = -ao; m/CDA = 0.25 slug/ft2. 

The second is t h e  p o i n t  of peak r a d i a t i o n  i n  t h e  Model 3 atmosphere* with 
en t ry  t r a j e c t o r y  def ined by 

VE = 26,000 ft/sec; Y E  = -90°; m/C,A = 0.25 slug/ft2 . 
The f i r s t  of t h e s e  gives  peak r a d i a t i o n  which is a minimum f o r  a l l  e n t r y  
condi t ions  and atmosphere models. 
is maximum f o r  a l l  of t h e  condi t ions of i n t e r e s t .  The two p o i n t s  of peak 
r a d i a t i o n  are def ined by t h e  following parameters.  

The second peak g ives  peak r a d i a t i o n  which 

Atmosphere A l t i t u d e  Velocity Density C02 Concentration 
( f  t> ( f t / s e c )  ( s l u g s / f t 2 )  (volume percent)  

Model 1 300,000 18 , 373 1 .22  x 10-6 4.9 

Model 3 87,000 22 , 751 3.44 x 10-6 48.8 

These comprise t h e  nominal cases  considered i n  t h e  fol lowing a n a l y s i s .  

The f i r s t  s t e p  is  t o  e s t a b l i s h  the v a r i a t i o n s  of I, 

s p e c t r a l  bands which have been se lec ted  f o r  a n a l y s i s ,  and t h e  ad jacent  
backgrounds r e l a t i v e  t o  which t h e i r  i n t e n s i t i e s  are determined, a r e  as 
follows : 

Here t h e  
with "C02' 

Species Wavelength 

CN-V ( 0 , l )  4180 A t o  4210 A 

N2+ ( 0  , 1 )  4245 4275 

Background 4280 4310 

C2-Swan (0,O) 5130 5160 

Background 5225 5255 

A problem exis ts  wi th  t h e  N2+ band f o r  t h e  Model 3 atmosphere, i n  t h a t  it 
rises only about 10 percent  above t h e  ad jacent  background comprised of t h e  
s h o r t  wavelength t a i l  of t h e  CN-Red s p e c t r a .  Since a d i f f e r e n c i n g  measure- 
ment must be made t o  cancel  any window r a d i a t i o n ,  t h e  accuracy of t h e  Nq+ 
measurement is heavi ly  degraded. This  is a p a r t i c u l a r  example of t h e  
broader problem t h a t ,  a s i d e  from CN and Cp-Swan bands, no o t h e r  spec ies  
r a d i a t e s  s t r o n g l y  above t h e  general  background. The problem could be some- 
what a l l e v i a t e d  by using narrower bandpass d e t e c t o r s  j u s t  above and below 
t h e  bandhead, b u t ,  f o r  t h i s  N2+ case c i t e d ,  10 A f i l t e r s  s t i l l  only provide 
a measurement 50 percent  above the CN-R background. I n  a d d i t i o n  t h e  N2+ 

*Levin, Geor e M,Dallas E.  Evans, and Victor Stevens NASA TN D-2525 NASA Engineering Models of the Mars Amosphere 
for Entry Veticle  Design (November 1964). 
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bands may suffer from the three orders of magnitude greater CN-V bands very 
close by in wavelength. However, the analysis below indicates the extreme 
importance of this band at some C02 concentrations, so every effort should 
be made to provide an accurate measure of the N2+ radiation. 

The measurement of the N2+ band at 3914 A may be more useful (although here 
the nearby CN-V is relatively even stronger) because the available background 
measurement is less. This kind of detailed choice* can be made final after 
the shock tube data have been collected and analyzed. 

In Figure B-1, the intensities I, are shown plotted against the C02 concen- 
tration m. A s  can be seen from Figure B-1, the changes in intensities due 
to changes in the C02 concentration vary widely among the various bands. 
We adopt as our notation for the fractional changes in intensity and concen- 
t r a t ion : 

, 6m 
" ' /', v rn 

It can be seen that the logarithmic derivatives d(CN-V)-l and d(Cz-Swan)-l go 
to zero at about 8.5 percent C02 for the values of p andv used for the Model 
1 atmosphere. 
C02 concentration. This is the reason mentioned above for the high importance 
of the N2+ measurement for mixtures containing small fractions of C02. 

Thus, in that region only the N2+ band is at all sensitive to 

In order to best illustrate the sensitivity of the various measurements of 
intensity and intensity ratios, the values are plotted in Figure B-2 for 
the quantities 

6 m/m Sm /m 
and d(Ruu*) = d (I,)  = ---- 

8 Iu/I, 

These are just the ratios of percentage errors in concentrations to per- 
centage errors in measurements of intensities or their ratios. 

Inspection of the error curves for the absolute intensity measurements I, 
(less background radiation) indicates that, for the values of p and V used 
here, only the N2+ measurements provide consistently useful sensitivity to 
C02 content over a wide range of C02. 
order of 1 to 2 percent), however, the measurement of the CN-V intensity 
does provide a more accurate measure of C02. 

By comparison, the intensity ratios provide a higher sensitivity over all 
C02 contents studied. 
intensity ratios provide two measures of C02 concentration with percentage 
accuracies less than or equal to the intensity ratio axuracy. When it is 
realized that this ratio sensitivity to C02 is combined with an intrinsically 
smaller ratio measurement error (since several systematic absolute intensity 
errors will tend to cancel), it becomes apparent that the ratio method pro- 
vides a superior approach to C02 content determination. 

For very low C02 content (of the 

In particular, the CN-V/Nz+ and the N2+/C~-Swan 

- 
* A s  indicated on page 87 , the shock tube experiments show that N2+ radiation cannot be measured in the atmospiere 

compositions currently being considered a s  most probable which have values of ,,, > 0.5.  
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2.2 Errors in Density and Velocity Measurements 

The errors in the accelerometer measurements of density and velocity will 
be systematic in nature, and so their effects on the composition determin- 
ation will be strongly coupled. 
to the deceleration as pV2 and their relative errors will be of the form 
( S p / p )  = 2(6V/V) .  This holds for the generally obtaining condition that 
the errors in p and V due to integration along the trajectory are larger 
than those due to the instantaneous error in acceleration. Thus, we need 
consider in the composition error analysis only errors in p and V which are 
related in this fashion, and so can be considered as one independent variable. 
We adopt the notation 

Density and velocity are related functionally 

where e (1 , )  is thus the ratio of the fractional error in the concentration 
m to the fractional error in the density p ,  for constant intensity I,. 

In order to determine the quantities e ( I , ) ,  small changes 6 p / p  and SV/V = 
-1/2 S p / p  
shock conditions and the intensities, and the resulting curves compared to 
Figure B-1. The curves of versus m for changes in p of 1 percent and 
+3 percent are shown in Figure B-3. 
centrations for fixed intensity at each concentration are given by the 
horizontal separation of the curves, and e ( L )  may be calculated from 

must be made in the input to the program which calculates the 

Then the differences 6 m  in the con- 

6 m/m 
e(1,) = - 

6 P / P  

The resulting values of e ( & )  are plotted in Figure B-4. 

Inspection of these results reveals a close similarity to the curves for 
d(I  ) and d (R) , again due to the general shape of the intensity versus C02 
concentration curves. In particular , the N2+/C2-Swan and CN-V/Nz+ ratios 
provide the least sensitivity to density/velocity errors over a wide range 
of C02. However, for C02 concentrations below about 2 percent, the absolute 
CN-V intensity is needed for highest accuracy with respect to density errors. 

2.3 Combination of Density/Velocity and Intensity Errors 

Since the error in density and velocity is presumably independent of the 
error in the measurement of the I, ‘ s ,  they will combine according to the 
relation 

or the similar relation if an intensity ratio, RUu, is utilized instead of 
I, to determine m ,  wherein we use e(R,,). By assuming errors of 10 percent 
in I , 5 percent in R and 2 percent inp, the total error in C02 concen- 
tration m can be estimated. For the p , Vconditions of atmosphere 1, the 
percentage error in nCO2 varies from 5.5 percent at 1 percent C02 to 7.5 
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percent  a t  10 percent  C O 2 .  
v a r i e s  from 4 . 2  percent  a t  20 percent  C O 2  t o  2 percent a t  60 percent  c02. 
I f  these  r e s u l t s  can be genera l ized  f o r  o the r  p , v  combinations, a s  seems 
reasonable ,  one can e s t ima te  t h a t  t h e  C 0 2  concent ra t ion  should be  measurable 
t o  b e t t e r  than 10 percent  r e l a t i v e  accuracy f o r  t h e  above e r r o r s  i n  I , R  
and p . 
cons idera t ions  t o  t h e  a l g e b r a i c  sense  of t h e  expected c o r r e l a t i o n  of e r r o r s  
from each measure, and by measuring a t  s e v e r a l  po in t s  during an e n t r y  
t r a j e c t o r y ,  i t  appears t h a t  t h e  C 0 2  concent ra t ion  should b e  e a s i l y  de te r -  
minable to  b e t t e r  than 5 percent .  

For atmosphere 3 ,  t h e  percentage e r r o r  i n  m 

By using two o r  more i n t e n s i t y  o r  r a t i o  measures of C 0 2  g iv ing  

2 . 4  Argon D e t e r m i n a m  

The presence of argon i n  mixtures of C 0 2  and N 2  cannot be determined d i r e c t l y  
from argon s p e c t r a l  l i n e s  a s  they are masked by t h e  more i n t e n s e  carbon- 
n i t rogen  s p e c t r a .  However, i t s  e f f e c t  w i l l  be n o t i c e a b l e  i n  t h a t  i t  e n t e r s  
s t rong ly  i n t o  t h e  chemical equi l ibr ium,  and s o  gas mixtures conta in ing  argon 

w i l l  come t o  d i f f e r e n t  shock temperatures and p res su res  than  w i l l  com- 
parable  mixtures without argon. 
CN,  C 2  and N 2 +  spec ie s  concent ra t ions  and r a d i a t i o n  i n t e n s i t i e s  can be 
expected. This  has been pointed out  i n  t h e  l i t e r a t u r e  recent ly*  where i t  was 
suggested t h a t  t h e  t i m e s  of peak r a d i a t i o n  during a t r a j e c t o r y  w i l l  d i f f e r  
f o r  atmospheres conta in ing  vary ing  amounts of argon. This  i s  equiva len t  to 
saying  t h a t ,  f o r  f i xed  d e n s i t y  and v e l o c i t y ,  t h e  observed r a d i a t i o n s  w i l l  be 
a func t ion  of t h e  argon concent ra t ion .  Unfortunately,  t h e  observa t ion  of 
t h e  a l t i t u d e  of peak r a d i a t i o n  does not  lend i t s e l f  t o  e i t h e r  t h e  a n a l y s i s  
of ope ra t iona l  da t a ,  nor an e r r o r  ar ia lysis .  I n  p a r t i c u l a r ,  t h e  a r t i c l e  
r e f e r r e d  t o  above compares cases  conta in ing  d i f f e r e n t  C 0 2 / N 2  r a t i o s ,  s i n c e  
t h e i r  ob jec t ives  were somewhat d i f f e r e n t .  I n  t h e  present  ca se ,  t h e  t a sk  
w i l l  be to  s e e  t o  what accuracy t h e  argon can be de t ec t ed  i n  t h e  measure- 
ments of C 0 2 / N 2  r a t i o s  by u t i l i z i n g  t h e  carbon and n i t rogen  s p e c t r a l  
i n t e n s i t i e s .  

Thus, f o r  f i xed  C 0 2 / N 2  r a t i o s ,  d i f f e r e n t  

The procedure f o r  t h i s  s e n s i t i v i t y  a n a l y s i s  i s  s imilar  t o  t h a t  used t o  s tudy  
the  e f f e c t s  of d e n s i t y / v e l o c i t y  e r r o r s .  
C 0 2 / N 2  r a t i o .  

W e  cons ider  t h e  change i n  t h e  

"co* 
m =  

nC02 + *N2 

which corresponds t o  r n i n C o 2  f o r  pure C 0 2 ,  N 2  gas  mixtures .  

semilogarithmic d e r i v a t i v e  t o  w r i t e  

We u t i l i z e  t h e  

~ * 
%iff ,  A., and D.E. Kerse ,  I., " Definition of Mars Atmosphere, a Goal for the Early Missior~s,"  Astronautics and 
Aeronautics (February 19653. 
Seiff ,  A., and D.E. Reese,  Jr., "lise of Entry Vehicle Responses  t o  Define the Propert ies  of the Mars Atmosphert." 
Symposium on Unmanned Exploration of the Solar System, Dewer, Colorado, A l A A  Preprint No. 65-24 (February 1965). 
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This expression for f ( 1 , )  can be interpreted as the negative of the per- 
centage error in the determination of m due to the neglect of the presence 
of a concentration nA of argon. By running the computer programs for the 
shock conditions and optical radiation with 10 and 20 percent argon concen- 
trations and with the same C02/N2 concentrations as before, we can obtain 
curves of I, versus m as shown in Figure B-5. Then the horizontal distances 
between the curves provide a measure of 
in argon concentration and for constant 
resulting values of 

6 m/m 

"A 
f ( IJ  = - 

are shown in Figure B-6. 

The significance of these curves is the 

the change in m for given changes 
intensity, as a function of m. The 

following. If the errors in m 
due to neglecting the argon concentration are small relative to the errors 
in m due to errors in intensity and density measurements, then the argon 
cannot in principle be detected. If, on the other hand, these errors due 
to neglect of the argon concentration are large, then the argon is in 
principle determinable. Moreover, if the error in m due to neglect of the 
argon using one intensity or intensity ratio is of opposite sign to that 
using another I or R, the argon detection should be more easily accom- 
plished. 

The exact procedure for determining the argon content will undoubtedly be 
iterative in nature. However, to ipvestigate the accuracy of the argon 
determination, consider a simple case in which two determinations of the 
CO2/(CO2 + N2) ratio, m i  andm2, are cbtained from two intensity measure- 
ments, I1 and 1 2 .  From the definition of f, = f (I, ) we have 

where m, is the true value of m ,  and m i  and m2 are the inferred values when 
the argon concentration is neglected. Then we find 

where the values of d, = d(1,) are given by Figure B-2. 
neglected the effect of errors in determining the coefficients f l  and f 2 ,  
which contribute small terms of the order of 

Here we have 

2 

(:) 
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t o  t h e  above equat ions.  
a r e  complex func t ions  of n A ,  and S O  do no t  lend themselves t o  genera l  p l o t s  
a s  do the d ,  e and f f unc t ions .  
has been evaluated numerically.  
each i n t e n s i t y  I(CN-V) and I(N2') which, as a p a i r ,  a r e  most s e n s i t i v e  t o  
t h e  pressure of argon a t  m = 0.05. We f i n d  from t h i s  c a l c u l a t i o n  

The expressions f o r  t h e  f r a c t i o n a l  e r r o r s  i n  nA 

An example using m =  0.05 and nA = 0.10 
Here 10 percent  e r r o r s  were assumed f o r  

' "A 

"A 
- = 0.16, 

o r  S n A =  1 . 6  percent  abso lu t e .  This i s  e x c e l l e n t  accuracy, and, i f  s imilar  
r e s u l t s  a r e  found f o r  o t h e r  C02 and argon concen t r a t ions ,  provides a s t r o n g  
i n d i c a t i o n  t h a t  argon can be a c c u r a t e l y  determined by t h i s  approach. 
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APPENDIX C 

MINIATURE MONOCHROMATOR DESIGN 

The t ransmission c h a r a c t e r i s t i c s  and r e j e c t i o n  r a t i o  of a 0.1-meter scanning 
monochromator designed and constructed a t  Avco on another  program are approxi- 
mately s i m i l a r  t o  those obtained wi th  the s t a t e - o f - a r t  i n t e r f e r e n c e  f i l t e r s  i n  
the  wavelength region above 4000 A. 
w i l l  provide b e t t e r  s p e c t r a l  reso lu t ion  and b e t t e r  t rznsmission r a t i o  than can 
be obtained from present  i n t e r f e r e n c e  f i l t e r s .  
g r a t i n g  instrument t o  look a t  t h e  carbon atomic l i n e  r a d i a t i o n  a t  2478 A w a s  made 
t o  determine t h e  f e a s i b i l i t y  of measuring t h i s  l i n e .  A summary of t h i s  a n a l y s i s  
i s  presented below. 

For wavelengths n e a r  2500 A, a monochromator 

A " f i r s t - c u t "  a n a l y s i s  of a 

Modified Ebert-Fast ie  Monochromator 

A schematic diagram of the  instrument is shown i n  Figure C-1. 
r e s o l u t i o n  of 1 A w a s  used f o r  the  a n a l y s i s .  
54li)-05M-14) with a bi-aiicali  photocathode which has  been demonstrated t o  b e  
s t e r i l i z a b l e  w a s  chosen as a de tec tor .  Smaller tubes are a v a i l a b l e  wi th  
s i m i l a r  s e n s i t i v i t i e s  bu t  have not been s t e r i l i z e d .  The instrument design 
is  b a s i c a l l y  an Ebert  monochromator wi th  t h e  a d d i t i o n  of a c o m e r  r e f l e c t o r  
and a s l i t  chopper shown i n  Figure C-2, d e t a i l s  "A" and "B", respec t ive ly .  
The c o m e r  r e f l e c t o r  d i sp laces  the monochromatic r a d i a t i o n  above t h e  g r a t i n g  
and o p t i c s  t o  t h e  sensor  mounted on top of t h e  u n i t .  
convex i n  order  t o  f i l l  t h e  sensor photocathode. 
r e c e i v e  t h e  r a d i a t i o n  a t  2478 A and t h e  ad jacent  background r a d i a t i o n  a t  
2488 A. Each s l i t  is a l t e r n a t e l y  covered by t h e  tuning fork.  The sequence, 
as shown i n  d e t a i l  B, is t h e  following: a t  rest ( p o s i t i o n  2) both s l i t s  a r e  
covered; p o s i t i o n  1 i n d i c a t e s  t h a t  t h e  s i g n a l  wi th  background (waveform A) i s  
maximum; p o s i t i o n  3 i n d i c a t e s  t h a t  t h e  background s i g n a l  (waveform B) i s  maxi- 
mum; t h e  output  s i g n a l  i s  processed through a synchronous amplif ier-detector  
system t o  provide two outputs  represent ing  t h e  s i g n a l  p l u s  background and 
background only. These two d.c. s i g n a l s  can then  be fed t o  a d i f fe renc ing  
a m p l i f i e r  t o  provide an output represent ing only t h e  2478 A s i g n a l  above t h e  
background. 

The following assumptions were made t o  make a ' ' f i rs t -cut ' '  design of t h e  
instrument:  

A s p e c t r a l  
A photomul t ip l ie r  (EXR type 

The mir ror  i s  made 
Two slits are employed t o  

Coll imator  l e n s  - F3.6 

f l  = f 2  = 100 mm 

BA (2478 A = 6.3 x 10-5 01 cm2 @ 0.1 A wide 

Grat ing = 12,000 lines/cm 

The s t r a y  l i g h t  losses  a r e  included i n  2 g r a t i n g  e f f i c i e n c y  number. 
Ref lec t ion  l o s s e s  are assumed t o  be 4 percent  a t  each surface.  
Transmission l o s s e s  a r e  the same as Si02 (fused s i l i c a ) .  

Photomul t ip l ie r  s e n s i t i v i t y  = l o3  amp/watt 

Minimum d e t e c t a b l e  cur ren t  = amp/cm2 
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From these assumptions, t he  f i r s t  o rde r  d i f f r a c t i o n  angle  i s  given by: 

m h  

d 
e = sin-' __ - - 17'18' 

c 

where 

8 = d i f f r a c t i o n  angle  

rn = orde r  of spectrum (m = 1) 

h = wavelength of i n t e r e s t  

d = g r a t i n g  spacing 

The dispers ion of the  g r a t i n g  is given by: 

rn 
- - =  1.26 x lo-* radian/A 

d8 

dh d cos 8 
- -  

The e x i t  (and entrance)  s l i t  width i s :  

de  

d h  
W = A h  f 2  - = 12.6 x lO-*crn 

The loca t ion  of a s l i t  f o r  2488 A with r e spec t  t o  t h e  2478 A s l i t  would be: 

d 8  

d h  
1 = Ah f 2  - - - 0.0126 cm 

This i s  about the  narrowest p r a c t i c a l  s l i t  conf igu ra t ion  t h a t  can be made. 

The t o t a l  transmission of t he  system is given by: 

T, = TQTrnN N 
g c  

where 

TQ = 

Trn = 

Ng = g r a t i n g  e f f i c i e n c y  = 0.85 

Nc = chopping e f f i c i e n c y  = 0.35 

T = 0 . 8 5 ( 0 . 9 6 ) ~ ( 0 . 8 5 ) ~ ( 0 . 8 5 ) ( 0 . 3 5 )  = 0.12 

transmission of qua r t z  co l l ima t ing  l e n s  = (0.85 t r a n s )  (0.96 r e f l ) 2  

t ransmission of mi r ro r s  ( 3  r e f l .  l o s s e s  a t  15 pe rcen t )  =(0.85)3 

For the  assumed inc iden t  r a d i a t i o n  a t  2478 A ,  
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For the  d e t e c t o r  parameters assumed, t h e  minimum d e t e c t a b l e  power is  
w a t t s  assuming a 1 cm2 

s l i t  he ight  of 1.1 x cm. 

hotocathode area. The requi red  e x i t  s l i t  a rea  w i l l  
t h e r e f o r e  be 1.33 x 10- 8 cm2. For a s l i t  width of 0.0126 cm t h i s  y i e l d s  a 

These approximate numbers i n d i c a t e  t h a t  a monochromator of reasonable  dimen- 
s i o n s  and weighr: (esiiiiiate of 2 p c ~ z d s )  c n d d  he h u i l t  f o r  t h i s  wavelength 
region. 

For t h e  PROBER a p p l i c a t i o n  i t  would be d e s i r a b l e  t o  use t h e  same instrument f o r  
a l l  t h e  wavelength i n t e r v a l s  t o  be measured. It appears p o s s i b l e  t o  l a y  o u t  an 
instrument design using a s i n g l e  photomult ipl ier  d e t e c t o r  and s e v e r a l  modulating 
frequencies  f o r  the o p t i c a l  chopping to cover a t  least four  bands i n  t h e  wavelength 
i n t e r v a l  2478 A <  X 
f i l t e r s  t o  s e p a r a t e  the  s i g n a l s  a t  the output  of t h e  photomultipl . ier .  

Clear ly  t h e  design and development of a monochromator f o r  t h i s  experiment is  f a r  
more complicated than t h a t  requi red  for  a simple radiometer. The above a n a l y s i s  
i n d i c a t e s  the geometric dimensions required t o  produce 1 A r e s o l u t i o n , b u t  does 
not  demonstrate the p r a c t i c a l  d i f f i c u l t i e s  of e l imina t ing  d i s t o r t i o n s ,  abberat ions,  
maintaining alignment, c a l i b r a t i o n ,  etc. ,  f o r  a l l  of the  environments necessary.  
For these  reasons and s i n c e  t h e  carbon atomic l i n e  does not  appear t o  give an 
independent measure of the  argon concentrat ion,  a more d e t a i l e d  design of t h e  
monochromator w a s  not  attempted. 

5165 A. This would r e q u i r e  tuned ampl i f ie rs  and e l e c t r o n i c  
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APPENDIX D 

DESIGN EQUATIONS FOR RADIOMETER SYSTEMS 

1.0 SUMMARY 

An a n a l y s i s  t o  determine t o  relative mer i t s  of t h e  f o u r  p o s s i b l e  types of  radiom- 
eters, namely, 1) i n t e r f e r e n c e  f i l t e r i n g  wi thout  focus ing  elements, 2) i n t e r f e r -  
ence f i l t e r i n g  wi th  focusing elements,  3) d i s p e r s i v e  f i l t e r i n g  using prism and 
4 )  d i s p e r s i v e  f i l t e r i n g  using g r a t i n g ,  has been made. 
s t a n t  br ightness  was assumed and each system w a s  analyzed t o  determine t h e  d e t e c t o r  
cur ren t .  
t i o n s  is presented i n  s e c t i o n  2.0 of t h i s  Appendix. 

A uniform source of con- 

A summary of r e s u l t s  is presented below and a b r i e f  d e r i v a t i o n  of equa- 

Radiometer Detector Current 

Type 3 

Relative Merit 

Least complex, l i g h t e s t  i n  
weight, f o r  f ixed  c o l l e c t i o n  
cone of l i g h t  and d e t e c t o r  
rates second i n  s e n s i t i v i t y .  

S l i g h t l y  more complex than 
Type 1, heavier  because of 
l e n s ,  most s e n s i t i v e  system 
f o r  given off-axis c o n s t r a i n t  
on f i l t e r s  and same d e t e c t o r .  

Better s e n s i t i v i t y  than 
g r a t i n g  instrument ,  b u t  much 
heavier .  Not appl icable  t o  
present  system. 

Complex instrument ,  provides  
h i g h e s t  s p e c t r a l  r e s o l u t i o n  
below 3000 A. S e n s i t i v i t y  
less than Type 1. 

; -  

I *  
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2.0 DISCUSSION 

Four poss ib le  conf igura t ions  of a radiometer s u i t a b l e  f o r  t h e  PROBER a p p l i c a t i o n  
are t h e  following: 

1. In t e r f e rence  f i l t e r i n g  without focusing elements. 

2 .  In t e r f e rence  f i l t e r i n g  wi th  focusing elements. 

3 .  Dispersive f i l t e r i n g  us ing  a prism. 

4 .  Dispersive f i l t e r i n g  us ing  a g ra t ing .  

Each of these  conf igura t ions  were analyzed t o  determine an appropr i a t e  design of 
t he  radiometer f o r  s e v e r a l  poss ib l e  r a d i a t i v e  band systems t o  b e  expected i n  t h e  
shock heated atmosphere dur ing  t h e  Mars en t ry  experiment, 

For any of these radiometer conf igu ra t ions ,  t h e  cu r ren t  developed by t h e  d e t e c t o r  
i s  given by 

I = BAhhkhTA#JA, amperes 

where 

B h  = br ightness  of source ,  watts/cm2-ster-p 

Ah = s p e c t r a l  bandwidth, microns 

k h  = de tec to r  cons tan t ,  amperes/waet 

TA = percent t ransmiss ion  of t h e  o p t i c a l  system 

yl = s o l i d  angle  subtended by t h e  d e t e c t o r  from t h e  source ,  s ter.  

A, = a rea  of  the  source,  cm2 

Note t h a t  t h e  term, Ah,  kXand Th are cons t an t s  t o  b e  determined by t h e  radiometer 
design.  Then, f o r  a given b r igh tness ,  t h e  c u r r e n t  is given by 

I = K + A ,  

For a system i n  which the  f i e l d  of view i s  completely f i l l e d  by a uniform source  
BA , t h e  product $ A ,  can equal ly  w e l l  be def ined  as 

yl, = s o l i d  angle  determined by t h e  f i e l d  of v i e w  of t h e  d e t e c t o r .  

and 

A,, = area of the d e t e c t o r  
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A 

then: 

I = K + , A D  

This equation indicates that maximum sensit ivity will be obtained with a large 
detector hzyiiig large sr?lid rrngle of via. 

Type 1. 

Consider System (1) above as  shown i n  Figure D-1. 
the detector i s  given by: 

11 = B x ~ x T A A A + A ,  

The current produced by 

I 
Figure D-l 

For th is  system, so l id  angle+,  assuming a circular detector of radius r ,  
i s  

q5 = A D D 2  where X > > r .  

L e t  

then 

From Figure D-1 

‘s + ‘D 

X 
t a n q  =- 
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where 

e, is the maximum angle  of t h e  of f -ax is  l i g h t  pass ing  through the  
f i l t e r .  

Type 2. 

For System 2 as i l l u s t r a t e d  i n  Figure D-2, 

' 2  = K A  2 dD AD 

where 

+D 

AD = n r 2  = n (e1 fD>2 where fD ,>l>r. 

is the  s o l i d  angle  subtended by t h e  l e n s  a t  t h e  d e t e c t o r ;  

Figure D - 2  

Again O1 is the  maximum off -ax is  angle  of t h e  l i g h t  pass ing  through t h e  
f i l t e r .  

Thus : 

r2 = K~ 2n  pcOs e,) e; fD2 

= K~ 2 a 2  e: f i  ( I - ~ ~ ~  e2) 
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From t h e  Figure D-3, 

where 

F = F-number of t h e  c o l l e c t i o n  cone of l i g h t  f a l l i n g  on t h e  d e t e c t o r  
1 

I2 = K x 2  2772 4 f$ 1 - 
I 

Type 3. 

For d i spe r s ive  o p t i c a l  systems, the t ransmiss ion  Ti i s  s i g n i f i c a n t l y  
d i f f e r e n t  from t h e  t ransmission of t he  f i l t e r  system. 
t h e  spectrograph is determined by the product + l A 1  

The l i g h t  en te r ing  

where +1 is t h e  s o l i d  angle  of the  c o l l e c t i o n  cone of l i g h t  at  t h e  input  
l e n s  and A1 is t h e  area of t he  input  slit .  
spectrograph should be designed such t h a t ,  +1 A1 = +2 A2where +2 is the  s o l i d  
angle  of t h e  cone of l i g h t  at  t h e  exit p lane  of t h e  system and A2 i s  the  
a r e a  of the  image of A1 ( see  Figure D-3). 

The o p t i c a l  system of the  

1 \ ENTRANCE 
SLIT 

/’ 
3 

Figure D-3 
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The power t r ansmi t t ed  by the  system i s  then: 

where 

TA = t he  t ransmission lo s s  of t he  system. 

The power t r ansmi t t ed  t o  the  d e t e c t o r  i s  passed through an e x i t  s l i t .  The 
r a t i o  of t h e  width of t he  exi t  s l i t  and en t r ance  s l i t  image determines the  
s l i t  function of t he  spectrograph. The s l i t  funct ion de f ines  a second 
transmission c h a r a c t e r i s t i c  T which may be  def ined independently from t h e  
above TA . 
The cu r ren t  produced by the  d e t e c t o r  is  then given by: 

? A  

Over a small  wavelength i n t e r v a l , I 3  becomes 

L e t  a = angle of emergence from the  prism, then, t he  anguiar  d i spe r s ion  
d a  - becomes : 
d A  

d a  d a  d n  

dA d n  dA 
_ _ = - .  - 

d a  G +  
- -  - -  

d n  b 
(where G and d are def ined i n  Figure D-3) 

d a  G d n  ..- = -- 
d A dA 

The l i n e a r  d i spe r s ion  at  the  exi t  s l i t  i s :  

dw 

d a  
- -  - f 2  

d w  dw da G d n  

dA d a  dA d A  
f 2  - - - -  _ - - =  

For a small i n t e r v a l  AX . 

f2  dn  
= - - A A  

b dA 
I 

Fundementals of Optics, Jenkins, F. A., and H. E.  White. Page 465, McGraw Hil l  1957. 
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f 

This AW should be the width of the ex i t  s l i t .  
then becomes: 

The area of the ex i t  slit 

1 f2  G dn 

b dh 
A E  = - A A  - 

------:-+e *1inrt-Lcms S : th is  may be written - tor an a p p ~ w p ~ i a ~ ~  ---- ------ 

then 

" f B A  '2A dA 
1 f2 dn 

13 = k ~ T k &  - - - 
S b  d A 

Type 4 
Consider a transmission grating system as shown i n  Figure D-4. 

EXIT S L I T  

Figure D-4 
' \  E N 1  RANCE 

S L I T  

The grating equation €or normal iiicidence gives the relation: 

m A  = d sin a 
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where m i s  the  o rde r  number, d is  the  s l i t  sepa ra t ion  o r  l i n e  spacing i n  
centimeters.  

d a  rn 
- -  - -  

d cos a d A 

The l i n e a r  d i spe r s ion  i n  the  f o c a l  plane i s  

AA AA = - dw dw d a  f 2  - -  - f 2 ,  A w = -  - 
d cos a d a  d a  dA 

1 f 2 m  A A  

d cos a 
A E  S 4 2  = 
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